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From the time of fertilization in the oviduct, the mammalian embryo undergoes a sequence of 

developmental events that leads to implantation in the uterus. These events that include many 

fundamental aspects of embryonic development appear to be evolutionarily conserved, at least 

until the blastocyst stage, and are considered semi-autonomous as they can be recapitulated in 

vitro. Thus, the contributions of the oviductal and uterine microenvironment where development 

till the blastocyst takes place, have been largely overlooked.  

Embryo development post-hatching of blastocysts shows considerable differences between 

species. In cows and other ruminants, the trophoblast cells undergo a phase of rapid 

undifferentiated proliferation resulting in an elongated embryo that occupies almost the entire 

length of both uterine horns. Implantation occurs at the end of this proliferative phase with 

differentiation marked by attachment to the uterine epithelium and a subpopulation of trophoblasts 

becoming binucleate. Despite years of extensive observations on these apparent morphological 

events, the exact molecular mechanisms regulating trophoblast proliferation and differentiation 

leading to implantation in cattle remain uncharacterized.  

My studies on pre-hatching embryo development focused on characterizing the oviductal 

secretome from both ex vivo collected oviductal fluid and secretions from in vitro cultured 

oviductal epithelium. My studies on post-hatching embryo development focused on identifying 

pathways associated with trophoblasts and preimplantation development. By profiling the 



 

transcriptome and proteome of in vitro cultured bovine trophoblasts, we revealed conditions that 

exhibit similar molecular and functional characteristics as that of the embryonic trophectoderm 

and can serve as models to study trophoblast development. Using this model system, I 

demonstrated that trophoblast proliferation and differentiation into binucleate cells in cattle is at 

least in part mediated through a signaling initiated by the growth factor TGFβ1. TGFβ1 occupation 

of its receptors activates the RhoGTPase protein RhoA. RhoA through its downstream effector 

protein ROCK activates signaling cascades that negatively regulate trophoblast proliferation, 

simultaneously inducing both morphological and functional differentiation of trophoblasts and 

formation of a subpopulation of binucleate cells.   

My studies have set the stage for exploring additional mechanisms regulating pre-

implantation development in cattle. Moreover, my data describe core signaling events associated 

with trophoblast proliferation and differentiation in cows.  
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Introduction and Literature Review 
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DEVELOPMENT OF THE EARLY EMBRYO 

 Reproductive efficiency is a key element in the economics of the cattle industry. In dairy cattle, 

with intense selection for increased milk yield there has been a strong trend towards lower fertility. 

Although fertilization rates in cows are as high as 90 %, the average calving rate is surprisingly 

low around 40 % per insemination. Poor embryo survival/fetal death accounts for such low calving 

rates, with early embryonic death (within 28 days of gestation) accounting for up to 70 % of all 

embryonic and fetal losses [1]. Hence, mortality of the embryo during the pre-implantation stage 

is the major cause of reproductive failure in dairy cattle, resulting in delayed pregnancy with fewer 

calves being born, increased culling rates, decreased milk production and a concomitant financial 

loss to the industry. The pre-implantation or the early embryo stage is defined as the developmental 

period that encompasses the events from the formation of the zygote after fertilization to the stage 

of the embryo just before implantation. With respect to maternal anatomic location, this can be 

broadly divided into two phases. 

1. Embryo development in the oviduct. 

2. Embryo development in the uterus. 

DEVELOPMENT OF THE EMBRYO IN THE OVIDUCT 

 The oviduct orchestrates a series of events that include transport and maturation of gametes, 

fertilization, and development of the early embryo. The anatomy of the oviduct is represented by 

three segments ordered from the ovary toward the uterus: (i) the infundibulum (ii) the ampulla and 

(iii) the isthmus. The infundibulum is positioned proximal to the ovary to capture the ovulated 

oocyte. Fertilization takes place in the ampulla, after which the developing embryo migrates 

through the isthmus to the utero-tubal junction, finally entering the uterus around Day 4-5 in cattle 

(Figure 1.1) [2]. 
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Figure 1.1. Development of the embryo in the oviduct. After fertilization the zygote develops till the 

morula stage in the oviduct, after which it migrates through the isthmus to the utero-tubal junction, 

finally entering the uterus around Day 4-5. 
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 The oviduct can be divided into the inner mucosal layer, lined by ciliated and non-ciliated 

epithelial cells, the connective tissue layer or the lamina propria, the muscularis layer and the 

external serosal layer.  The ciliated cells of the mucosa are important to facilitate gamete transport 

and interactions while the non-ciliated cells are known to have secretory functions, producing 

various components which when combined with transudates from the blood plasma, forms the 

oviductal fluid. The embryo housed inside the oviduct is exposed to and is surrounded by the 

oviductal fluid. Oviductal fluid is a complex mixture of proteins, lipids, steroids, amino acids, 

sugars and electrolytes [3-5] and meets all the metabolic and nutritive demands of the early 

embryo, ensuring a conducive microenvironment for its development. However, the role of oviduct 

has been largely disregarded since embryos can be produced by in vitro fertilization (IVF) and 

pregnancies established by transferring these embryos into a recipient uterus. Nevertheless, several 

studies examining early development of the embryo have established the role of the oviductal 

microenvironment in determining the reproductive success in many species including cattle. 

Culture of in vitro produced bovine zygotes in the oviducts of cattle [6], sheep [7] or even mice 

[8] have been found to improve the embryo quality as assessed in terms of morphology, 

cryotolerance and pregnancy rates following embryo transfer. Supplementing oviductal fluid 

components [9, 10] or even low concentrations (less than 5%) of whole oviductal fluid during IVF 

enhanced fertilization rates and improved embryo development and quality [10]. Similarly, co-

culture of bovine oviductal epithelial cells during IVF has indicated a positive effect on 

development of the early embryo [11]. 

 A key developmental milestone in early embryo development is the embryonic genome 

activation, that occurs in the oviduct at the 16-cell stage [2]. Studies examining in vivo and in vitro 

culture conditions for blastocyst production suggest that in vitro conditions at the time of 
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embryonic genome activation critically influence the transcriptome of the subsequent blastocysts 

and hence their quality [6]. Moreover, regulation of degree of DNA methylation in the promoter 

and/or gene body regions of the early embryo has been found to be positively correlated with in 

vitro culture duration [12]. In short, the positive influence and impact of the oviductal secretions 

on early embryo development and survival has been so unarguably established that even the 

medium used to mimic the oviductal microenvironment for IVF is termed as “synthetic oviductal 

fluid” (SOF). Nevertheless, it is ironic that SOF is not a product of systematic examination of 

oviductal secretions.  

Studies on oviductal fluid 

 Efforts to study the constituents of the bovine oviductal fluid started in the late 1950s [13] with 

initial focus on total protein content and amino acid levels [14, 15]. With advances in molecular 

biology and protein identification techniques, the focus shifted to examining pre-targeted proteins 

[16-18] or identifying multiple proteins using techniques like two-dimensional electrophoresis 

[19]. Gene expression studies on the oviductal epithelium has provided an extrapolation of 

potential proteins that might be present in the oviductal fluid [20]. More recently, using methods 

like mass spectrometry-based peptide identification, holistic approaches like shot gun proteomics 

have been employed to examine the oviductal fluid [21]. In a recent study examining the bovine 

oviductal proteome, the oviductal fluid was analyzed in relation to the stage of the estrus cycle and 

the side (ipsilateral or contralateral) relative to ovulation [21]. A total of 482 proteins were 

identified, of which 22 proteins were found to be specific to a given side or stage of the cycle. 

However, these proteins were detected in very low abundance (less than 4 normalized spectral 

counts), calling into question the analytical validity for differential expression. Furthermore, a very 

high proportion of the proteins identified in this study were intracellular proteins and were 
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interpreted as possibly secreted into the oviductal fluid through the non-classical secretory 

pathway or from extracellular vesicles or of exosomal origin. However, when analyzing data from 

complex biological fluids, it is imperative in these circumstances to take into consideration the 

possibility of sample contamination from intracellular proteins due to possible tissue damage 

during sample collection or due to post-mortem changes including apoptosis. 

Cell culture models 

 In vitro models have been pivotal to studying oviduct physiology, mainly due to limitations to 

in vivo oviduct fluid sampling. Cell culture models including both monolayer [22] and suspension 

[23] cultures of bovine oviductal epithelial cells (OECs) have been reported for examining 

oviductal function in embryonic development. OECs cultured as monolayers have been shown to 

retain secretory activity [24] and these secreted factors could positively influence early embryonic 

development. OECs cultured as monolayers have been used for enhancing in vitro development of 

bovine embryos [11, 25]. Higher developmental rates were observed when embryos were co-

cultured with an OEC monolayer, or with OEC monolayer conditioned medium compared to 

medium alone [11, 26]. Furthermore, embryos transferred to recipient animals following co-

culture or incubation in conditioned medium also resulted in a higher pregnancy rate [10], 

suggesting that the improvement observed could be attributed to effect of the embryotrophic 

secretions produced by these monolayers. Hence, analysis of conditioned media from in vitro 

cultured oviductal epithelial cells offers the capacity to investigate their secretions free from other 

systemic effects and is an attractive alternative to study the oviductal secretome. 

DEVELOPMENT OF THE EMBRYO IN THE UTERUS 

By around days 4-5 post fertilization in cows, the embryo at the morula stage enters the uterus [27] 

and develops into a blastocyst by days 6-7. This blastocyst stage is characterized by the 
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morphological distinction between the inner cell mass which represents the embryonic lineage and 

outer layer of cells called the trophectoderm. While the duration of development varies, the steps 

and associated morphological changes seem to be conserved at least until the blastocyst stage in 

all mammals studied. Beyond the blastocyst stage, in primates and rodents, invasive implantation 

occurs almost immediately. However, embryos of ungulates including the cow exhibit a longer 

pre-attachment phase resulting in a much delayed, non-invasive synepitheliochorial placentation. 

After hatching from the zona pellucida at gestational day 8-10, a phase of rapid proliferation is 

initiated in the bovine embryo where the trophoblast proliferates exponentially, dramatically 

altering the blastocyst morphology from a spherical to an ‘ovoid’ and then to a ‘filamentous’ form 

(Figure 1.2). This morphological transition period described as ‘elongation’, appears to be 

restricted to ungulate embryos and is concomitant with gastrulation starting at gestational day 14. 

By days 17-19, the filamentous embryo or the ‘conceptus’ covers the entire length of both uterine 

horns and produces a cytokine called interferon tau (IFNT), involved in pregnancy recognition 

signaling. IFNT ensures receptivity of the maternal endometrium by preventing return to ovarian 

cyclicity [28]. By around day 20-21, some of the cells of the trophoblast are believed to undergo 

differentiation to form binucleate cells (BNC), which could ultimately fuse with the uterine 

epithelial cells, a process that is thought to be essential for definitive implantation to occur [29]. 

Thus, in this type of implantation in cattle, there is no true invasion of the embryonic structures 

into the endometrium or direct contact with the maternal blood but just interaction and fusion of 

the trophoblast and uterine epithelial cells at definitive points of contact called the ‘placentomes’. 
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Figure 1.2. Developmental stages of the bovine embryo in the uterus. 

 

Studies on the uterine fluid 

 Similar to the oviduct, the embryo in the uterus is exposed to its secretions. Uterine fluid or 

histotroph constitutes a rather undefined complex mixture of proteins, amino acids, sugars, lipids 

and ions produced by the luminal epithelial cells as well as molecules derived from the secretions 

of uterine glands and serum transudates. The uterine fluid is dynamically regulated and has an 

unequivocal role in facilitating feto-maternal cross talk, conceptus survival, proliferation, 
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development and implantation [30]. The precisely regulated uterine microenvironment is 

responsible for pregnancy establishment and disruption of its equilibrium can affect embryo 

development and result in pregnancy loss. This was first definitively established in ewes in which 

uterine glandular development had been inhibited during early postnatal life by exposure to 

progestins. It was observed that in the resultant adults, conceptus development was retarded, and 

implantation failed to occur [31]. Despite the vast literature on uterine fluid highlighting its 

physiologic importance in early developmental events and pregnancy establishment across 

species, only limited studies have attempted to perform a comprehensive proteomic analysis of 

uterine luminal fluid during early pregnancy in cows. In a recent study, global changes in the 

uterine luminal fluid proteome in heifers during day 16 (pregnancy recognition) using nano-liquid 

chromatography tandem mass spectrometry (LC MS/MS) was performed [32]. This study also 

attempted to quantitate changes in select proteins of interest in the uterine fluid across days 10, 13, 

16 and 19 and cross examined them with previously available transcriptome data sets to determine 

if they were of uterine or conceptus origin. It was identified that 305 proteins were in three of the 

four samples analyzed while 600 were identified in two of the four samples on day 16 of 

pregnancy. Comparative analysis of proteomics and RNA seq identified that proteins such as 

CST6, GELS, IDH1, PNP and TIMP2 in the uterine fluid were predominantly secreted by the 

endometrium and not the conceptus. However, the most abundant proteins detected in this study 

were albumin, hemoglobin, serotransferrin, complement proteins and other intracellular proteins. 

This is a common bottleneck of global profiling of luminal fluids where the overabundance of 

serum proteins like albumin and complement proteins creates a dynamic range problem, along 

with hemoglobin and intracellular proteins if there is blood/other cell contamination during 

sampling, thus masking less abundant proteins and making their detection and analysis difficult. 
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In a separate study, proteomic analysis of the uterine fluid of cycling heifers and pregnant heifers 

on day 16 identified 334 proteins and 299 proteins respectively. Of these, 85 proteins were unique 

to the uterine fluid of pregnant heifers. Comparison of these data with the proteins identified in 

day 16 conceptus-conditioned culture medium revealed 30 proteins unique to the uterine fluid from 

day 16 pregnant heifers. Half of these proteins were associated with GO terms related to 

‘extracellular space’ or ‘extravesicular exosome’ [30]. Despite these attempts, a comprehensive 

view of the uterine luminal microenvironment describing a mechanistic framework remains to be 

constructed. 

Specification of the trophoblast lineage in cattle 

 In mammalian development, the first morphologically apparent lineage specification occurs 

during blastocyst formation when the cells are separated into the inner cell mass (ICM) and the 

trophectoderm. The trophectoderm (TE) surrounds the ICM to form a fluid filled cavity called 

blastocoel. The trophoblast contributes to the extraembryonic components of the placenta [33], 

transferring nutrients from the mother to the fetus. Although gross placental structure and 

placentation vary across different species, the primary cell lineage from which it arises- the TE, 

remains the same. Therefore, it was inferred that mechanisms controlling the specification and 

maintenance of the trophoblast lineage in all species are fundamental and highly conserved. As 

such, most of our knowledge about trophoblast lineage specification in the bovine embryo are an 

extrapolation of data from the rodent model. However, evidence from studies on other species and 

the limited studies available on the bovine embryo suggests the contrary.  

 Studies on individual blastomere isolation from 4 cell stage bovine embryos and their 

subsequent culture and transfer resulting in the birth of genetically identical calves [34] 

demonstrated the totipotent nature of the blastomeres. This strongly indicates that at this stage the 
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cells are not necessarily lineage committed, raising an interesting question as to when and how do 

these cells commit to a specific lineage. Based on the widely accepted cell polarization model of 

cell fate origin [35], polarization of blastomeres during compaction dictate lineage specification, 

with the cells towards the outside becoming polarized and committing to the trophoblast fate while 

the inner nonpolarized cells become the ICM. In mice, polarization is thought to be initiated at the 

late 8 cell stage, concomitant with compaction [35]. By the 32-cell stage, the outer polar 

blastomeres are poised to the trophoblast fate while the inner nonpolarized cells are dedicated to 

becoming the ICM [36].  Unlike mice, scanning electron microscopy studies of the bovine embryo 

have revealed that polarization could occur in the 16-cell stage [37] but compaction of the embryo 

resulting in the formation of the morula occurs only at the 32-cell stage [38]. This suggests that 

polarization in cows precedes differential cell positioning and any possible rearrangement of cells 

before compaction can drive it to an alternate fate. In short, the exact mechanism by which early 

lineage specification occurs in cattle remains to be understood. 

 Transcription regulation plays a crucial role in cell fate determination. Proper spatial and 

temporal expression of lineage specific transcription factors are thought to be the key determinants 

triggering differentiation.  In the mouse blastocyst, the transcription factor Caudal-related 

homeobox 2 (CDX2) is found to be localized exclusively to the cells of the trophoblast [39, 40] 

and the POU-family transcription factor POU5F1 (OCT4) to the ICM [40]. Experiments performed 

on mouse pluripotent embryonic stem cells (ESCs) derived from the ICM demonstrated that they 

can be induced to adopt the trophoblast lineage if OCT4 expression is repressed [41]. 

Alternatively, this phenotype can also be recapitulated by the forced overexpression of CDX2 

resulting in the downregulation of OCT4 [42]. Collectively, these results imply that reciprocal 

inhibition between the transcription factors OCT4 and CDX2 might be the driving force for lineage 
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determination in early stage embryos in mice. In other mammalian species including cattle, OCT4 

has been detected with a high degree of homology at both the transcript and the protein level 

suggesting an evolutionary conserved function. However, in contrast to the mouse, reports of 

OCT4 localization in the bovine blastocysts have been contradictory. Immunocytochemical 

analysis of both in vitro and in vivo derived day 8 blastocysts identified OCT4 expression in both 

ICM and trophoblast cells [43]. Using immunofluorescence, another study reported expression in 

both the ICM and trophectoderm of day 8, 9 and 10 blastocysts, with OCT4 being detected even 

in out growths derived from these blastocysts [44]. In contrast, localization studies of OCT4 

transcripts on in vitro produced day 6-7 blastocysts using whole mount in situ hybridization could 

not detect any signal in the trophectodermal cells but showed robust expression in the ICM [45]. 

Another independent study could not entirely reproduce these results and noted variable staining 

while performing whole mount in situ hybridization on day 7 blastocysts. While OCT4 signals 

could always be detected in the ICM, the trophoblast cells exhibited variable staining patterns with 

no or significant staining depending on the experiment. However, a real time PCR analysis of the 

OCT4 transcripts on trophoblast cells of day 7 blastocysts showed expression up to 60% of that 

seen in ICM, reducing to 14% by day 9 and to background levels by day 11 [46]. Similar to the 

mouse, bovine CDX2 transcripts appears to be restricted to the trophoblast cells of the blastocyst 

[47]. CDX2 mRNA was detected in trophoblast cells of bovine embryos up to day 14 and dropped 

to background levels by day 17. Interestingly, the levels of CDX2 expression detected by RT-PCR 

were much lower than the levels of OCT4 in trophoblast cells of day 7-9 blastocysts [46]. Ablation 

of CDX2 function using RNA interference-based approach led to loss of trophoblast cells during 

late stages but did not affect OCT4 mRNA levels or ICM development suggesting that its 

involvement in maintaining the trophoblast lineage in the mouse and cow is conserved but 
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highlights a different regulation of OCT4 than those described in mouse embryos [46]. Hence, it 

appears that cows use distinct pathways to specify the trophoblast lineage compared to mice. 

Trophoblast elongation in cattle 

 The phase of trophoblast elongation in bovine embryos is initiated around day 12-13 and is 

characterized by a period of intense cell division with an exponential increase in trophoblast cell 

numbers and length. The proliferation during this time is so dramatic that the blastocyst which 

measured 200μm at day 7 develops into a filamentous conceptus of around 25cm by day 17-18; 

approximately a 1200-fold increase in length. It is also during the elongation period that the 

conceptus starts secreting various bioactive molecules including the pregnancy recognition factor 

interferon tau (IFNT), involved in maternal-conceptus cross talk to yield a viable pregnancy [28]. 

In addition to reciprocal signaling, expansion and extension of the trophoblast cells into both the 

uterine horns also provides increased surface area for efficient nutrient exchange to satisfy the 

intense metabolic demands of the conceptus during this period. Despite years of knowledge about 

the occurrence of such a unique, spectacular early developmental morphological event, our 

understanding of the precise mechanisms and molecular basis of initiation of elongation is still 

rudimentary. It is rather surprising that majority of the research conducted to understand the period 

of conceptus elongation in cattle has focused on the biology of the uterine endometrial cells and 

less effort has been placed on conceptus. Perhaps this interest on the endometrium might stem 

from the early studies demonstrating that elongation is essentially a maternal driven and yet to be 

achieved under in vitro culture conditions. However, if in vitro produced embryos are transferred 

into synchronized recipients, elongation and establishment of successful pregnancy can occur. In 

addition, embryos fail to elongate in the uterine gland knockout sheep model suggesting that 

conceptus elongation is dependent on secretory products of the uterine glands of the endometrium 
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[31]. However, the question of what components of the uterine secretions govern the elongation 

of the conceptus and how these molecules initiate the effect on the trophoblast cells remain to be 

answered. 

 Recent efforts to study the conceptus elongation have employed discovery-based approaches 

like microarray [48-50] or next generation sequencing [51] to identify differentially expressed 

candidate genes during this period. Results from microarray studies established ruminant specific 

secreted factors like interferon tau (IFNT), pregnancy associated glycoproteins (PAGs), 

trophoblast kunitz domain proteins (TKDPs), growth factor genes like IGFs, GH and IGFR, 

kinases- AKT, ERK, GSK, JNK, PI3K and cell cycle genes like CDC2, WEE1, CDKs to be highly 

expressed in the elongating conceptus [49, 50]. There was also upregulation of multiple genes 

involved in cytoskeletal organization and cell-matrix adhesion like TM4SF1, TAGLN and 

ANKRD1 which indicate reorganization of the cellular architecture associated with increasing size 

of the elongating embryo. At least 132 genes associated with ‘lipid metabolism’ were found to be 

differentially expressed in elongating embryos. In addition, a ligand-dependent transcription factor 

PPARG found to be increased 17.3-fold during onset of elongation and was highly corelated with 

the expression of other genes involved in lipid metabolism. The increase in expression of PPARG 

in conceptus cells during elongation was very likely caused by the accumulation of lipid droplets 

in the trophoblast cells during the elongation phase [52]. An RNA sequencing approach to profile 

the temporal changes to the transcriptomes of the pre-implantation embryo identified networks 

centered around the genes HNF4A, DNMT3, NFKB, ITGB1, TP53, and SUMO3 during initiation 

of elongation (day 13) and networks centered around APP, GPCR, IGF1R, and TFAP2A during 

late elongation (day 16) [51]. Other genes known to play important roles in reproduction and 

development like IFNT2, FURIN, PGF, DLX3, PTGS2, various growth factors, receptors, 
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integrins and other genes previously not described in the conceptus (TP53, SUMO3) were also 

identified.  

 It is important to note that all these studies utilized trans-species platforms like Ingenuity 

pathway analysis (IPA) to perform data analysis and further categorization. Although results 

obtained from this approach might provide a broad view of genes and gene networks associated 

with conceptus development, it does not cover species-specific molecular pathways associated 

with these cells.  

Transcriptional control of the trophoblast lineage 

 The ability to generate gene knockout mice has enabled identification of several transcription 

factors implicated in trophoblast specification and maintenance. Although knowledge gained from 

mice can help understand bovine trophoblast development, there are significant differences 

between the two species that need to be carefully considered to avoid misrepresentation of 

findings. Considering the apparent morphological, spatial and temporal differences in embryo 

development between mouse and cattle, it is very likely that transcription factors dictating the 

trophoblast lineage are significantly disparate. For instance, in the mouse, similar to the derivation 

of ESCs from the ICM, trophoblast stem cells (TSC) can be derived from the trophectoderm [53]. 

These cells can be maintained indefinitely in vitro in the presence of the growth factor FGF4 and 

can give rise to specialized trophoblast lineages. However, such TSCs in cows are yet to be 

identified and it remains to be determined if the transcription factors induced by FGF4 signaling 

are relevant for bovine trophoblast development. Nevertheless, there seem to be several similarities 

in transcription factor expression between bovine and murine trophoblast cells. With emphasis on 

trophoblast specification and development, some of the transcription factors that have been 

identified to maintain the circuitry in mouse are discussed and compared. 
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CDX2: Caudal-related homeobox 2 is a master transcription factor regulating TE specification in 

the mouse embryo [54]. Expression of CDX2 has been detected from the morula stage and 

becomes restricted to the TE cells of the blastocyst [39, 54]. Blastocyst formation is not affected 

in CDX2 knockout mouse embryos but affects the integrity of TE cells and leads to upregulation 

of Oct4 in the TE cells [54]. In the cow, CDX2 expression has been detected in the trophectoderm 

of the blastocyst and also in filamentous embryos [49]. siRNA mediated downregulation of CDX2 

in zygotes caused delay in blastocoel formation although CDX2 downregulated embryos 

developed to the blastocyst stage [55]. However, these embryos failed to elongate. CDX2-

downregulated embryos showed decreased GATA3 expression and elevated NANOG expression 

[55] but no changes in Oct4 levels [46]. CDX2 has also been shown to upregulate IFNT expression 

by binding to proximal upstream regions of the IFNT promoter [56].  

TEAD4: TEA-domain protein 4 is one of the key factors involved in the differentiation of the 

trophectoderm of mouse embryos and is expressed throughout development till the blastocyst 

stage. TEAD4 homozygous knockout embryos show no TE development, are unable to implant 

and do not express CDX2 [57]. In the bovine, TEAD4 starts to be expressed at the 16-cell stage 

and remains mostly cytoplasmic. It localizes to the nucleus from the morula stage and throughout 

the subsequent developmental stages. TEAD4 downregulation using siRNAs did not affect 

embryonic development until the blastocyst stage and showed no difference in ICM/TE cell 

number ratios. Furthermore, TEAD4 downregulation also did not affect the expression levels of 

other transcription factors OCT4, NANOG, CDX2, GATA3 or IFNT [58]. This is in direct contrast 

to mouse where GATA3 is one of the direct downstream targets of TEAD4 [59]. 

EOMES: Eomesodermin is a T box transcription factor linked to TE development in the mouse. 

Expression of EOMES can be detected in the mouse embryo starting from the morula stage 
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continues to be expressed in the TE cells in the blastocyst [60]. Mouse embryos lacking EOMES 

are embryonic lethal, arresting at the blastocyst stage with defects in trophoblast development and 

implantation [61]. EOMES expression could not be detected in the trophectoderm of the bovine 

blastocysts [62] but was present in the embryonic ectoderm in later developmental stages [63]. 

GATA3: GATA-binding protein 3 is a transcription factor whose expression is induced in mouse 

at the 4-cell stage and is localized to the TE at the blastocyst stage. Knockdown of GATA3 in pre-

implantation mouse embryos reduces CDX2 expression and inhibits morula to blastocyst 

transformation [64].  Stage-specific gene deletion in trophoblasts revealed that loss of both 

GATA3 and its paralog GATA2, but not either alone, leads to embryonic lethality prior to the 

onset of their expression within the embryo proper [65]. Similar to the mouse, GATA3 expression 

is localized to the trophectoderm of bovine blastocysts [62]. Knockdown of GATA3 in a bovine 

trophoblast cell line CT1 resulted in downregulation of other trophoblast specific transcription 

factors like CDX2 and ASCL2 [66]. 

ETS2: ETS proto-oncogene 2 is a critical gene which is expressed in and maintains TE fate in 

mouse. ETS mutant mice are embryonic lethal with defects in trophoblast development. Other 

master genes involved in trophoblast lineage maintenance like CDX2, EOMES and ESRRB are 

inhibited with ETS2 ablation [67]. ETS2 in cows has been found to be expressed in a wide variety 

of tissues [68] including the embryo. In the embryo, it was found to be expressed in the trophoblast 

cells from the blastocyst stage to the filamentous stage [49]. ETS2 has been shown to be a key 

activator of IFNT expression by transcriptional activation of its promoter [68]. 

ELF5: E74-like factor 5 is a member of the ETS family of transcription factors involved in 

maintaining the stemness of the murine trophectodermal cells. It is expressed exclusively in the 

trophectoderm from the late blastocyst stage to postgastrulation [69]. ELF5 mutant embryos fail 
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to implant and show complete absence of extraembryonic ectoderm. Expression of ELF5 in mouse 

ESCs stimulate genes associated with trophectoderm similar to ectopic expression of other 

trophoblast specific transcription factors like TEAD4, CDX2, EOMES, GATA3, or TFAP2C [70]. 

There exist contradictory evidences on the ELF5 expression in bovine embryos. ELF5 transcripts 

could be detected in the trophectoderm of the day 7-8 bovine blastocysts by RNA sequencing [62] 

but shown to be expressed only in day 11 embryos by RT-PCR [71]. In situ hybridization with a 

bovine ELF5 probe showed that its expression was restricted strongly to the epiblast [69]. 

TFAP2A and TFAP2C: As members of the activating enhancer-binding protein 2 (AP-2) family 

of transcription factors, both TFAP2A and C are expressed in the trophectoderm of the early mouse 

blastocyst [72]. Mouse TS cells express high levels of Tfap2c in both the stem state and following 

differentiation. Tfap2c-deficient mouse embryos shows no defect in TE formation or implantation 

but die around E7.5 due to defects in trophoblast differentiation. In addition, expression of genes 

EOMES and CDX2 associated with mouse trophoblast stem cell maintenance showed significant 

reduction [73]. Combined deficiency of both TFAP2A and TFAP2C causes earlier lethality than 

either gene alone suggesting redundant functions between these two genes [72]. Bovine blastocysts 

have been reported to express TFAP2A [74]. However, additional knowledge on bovine TFAP 

expression or function is lacking.  

ASCL2: Achaete-scute homolog 2 also known as MASH2, is a maternally imprinted transcription 

factor expressed at low levels in the mouse embryo throughout pre-implantation development but 

becomes strongly expressed post implantation. Loss of function studies have revealed embryonic 

lethality due to defective differentiation of trophoblast cells [75]. ASCL2 is required for the 

maintenance of precursors of a differentiated trophoblast cell type called giant cells and its 

overexpression prevents giant cell differentiation [76, 77]. ASCL2 has been found to be expressed 
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in day 8 blastocysts but the greatest abundance was observed in day 17 filamentous embryos [78]. 

Similar to mouse, ASCL2 appears to be maternally expressed in cows [78].  

HAND1: Heart- and neural crest derivatives 1 is a basic-loop-helix transcription factor that 

promotes differentiation of mouse trophoblast giant cells. It acts antagonistically to ASCL2 as 

overexpression of HAND1 promotes giant cell differentiation [77]. Development was found to be 

arrested in mouse embryos carrying a mutated HAND1 gene around E7.5 with significantly 

reduced number of trophoblast giant cells due to defects in their differentiation [79]. HAND1 

expression could not be detected in day 8 bovine blastocysts [62] but could be detected in the ovoid 

stage embryo and was highly expressed in the filamentous embryo [49]. 

GCM1: Glial cells missing 1 is a transcription factor with an evolutionarily conserved DNA 

binding GCM domain expressed in the post implantation mouse embryo. Mice-lacking GCM1 die 

at E10.5 with severe deficits in the formation of the placenta [80]. GCM1 has been shown to 

activate the syncytin genes involved in cell fusion to promote syncytiotrophoblast generation, 

suggesting its role in orchestrating transition from a proliferative to a differentiated phenotype [80, 

81]. GCM1 expression and function in cattle has not been elucidated thus far. 

Other transcription factors: Many other transcription factors including ESRRB, ID, NAP1L1, 

DLX3, PPARG, SP1, FOS, PRDM1 have been shown to play a role in mouse trophoblast 

development [82, 83]. However, their role in bovine trophoblast development remains to be 

investigated. 

Bovine trophoblast differentiation and binucleate cell formation 

 In the bovine conceptus, after the period of elongation, by days 21-23 at the initiation of 

implantation, two morphologically and functionally distinct trophoblast cell types can be 

distinguished- the mononuclear trophoblast cells (MTCs) and the binucleate cells (BNCs). MTCs 
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maintain their tubular, rough surfaced endoplasmic reticulum and small Golgi complex [84] with 

accumulation of lipid droplets of varying sizes in the cytoplasm. MTCs have the capability to 

secrete IFNT till about day 23 in cows. It is believed that some MTCs could act as progenitor cells 

and undergo differentiation to form BNCs [29].  

 BNCs have a morphology different from the MTCs from which they are derived. The BNCs 

are much larger (30-50 μm diameter) in size and display numerous mitochondria, an extensive 

array of rough endoplasmic reticulum and a well-defined, large Golgi apparatus. They also contain 

numerous granules which stain positive to Periodic acid Schiff reagent and phosphotungstic acid 

suggesting the presence of proteinaceous and glycoproteinaceous products [29]. BNCs produce 

and release hormones and other secretory products like placental lactogens (PL), pregnancy 

associated glycoproteins (PAGs) and prolactin related proteins (PRPs) important for embryo 

implantation, pregnancy maintenance and fetal growth. The number of BNCs are uniformly 

maintained at 15-20% of the total number of cells of the placenta throughout gestation till right 

before parturition. Interestingly, BNCs are not distributed uniformly throughout the filamentous 

trophoblast cells but tend to occur in clusters most apparent at the placentomal regions.  

 The relatively low numbers of BNCs in the embryo, technical difficulty to isolate a 

homogenous population and lack of an appropriate in vitro culture models have made molecular 

studies on BNCs particularly daunting. As such our knowledge of BNCs or their mechanism of 

formation is limited. A gene expression profiling study using custom designed utero-placental 

complementary DNA (cDNA) microarray comparing day 14 (initiation of elongation), day 21 

(BNC formation) and day 28 (implantation) identified 452 and 14 genes upregulated from day 14 

to day 21 and day 21 to 28 respectively [48]. Among the upregulated genes on day 21 were 

extracellular matrix related genes, such as collagens (COL1A2), proteoglycans, MMPs, 
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extracellular MMP inducer (EMMPRIN), and heparanase, cell adhesion molecules, such as mucin, 

integrins, ezrin, and secreted proteins such as insulin-like growth factors (IGFs), PRPs(1,5,6), 

PAGs (2,6,19) and epidermal growth factor receptor (EGFR). Genes upregulated on day 28 

included PL, PAGs (6,19), IL1 receptor antagonist, Annexin 11 and PRP6 [48]. These genes might 

not induce cell differentiation from MTCs to BNCs but might rather be a product of the process. 

Several studies looking at expression of targeted genes have been performed using embryos around 

the implantation time when BNC formation is apparent. In situ hybridization demonstrated that 

BNCs express bovine BCL2 antiapoptotic family member BCL2-related protein A1 (BCL2A1) 

and BCL2-associated X protein (BAX) along with various pregnancy-specific molecules like 

placental lactogens. They were primarily expressed in trophoblast cells around Day 21, coinciding 

with the time of implantation, with expression increasing in middle gestation, then declining 

postpartum supporting the speculation that maintenance of BNCs in the placenta might be 

dependent on BCL2A1 [85]. Increased mRNA expression of transcription factors DLX3, PPARG 

and SP1, implicated in trophoblast differentiation in other species were observed in day 25 bovine 

embryos. On day 18, PPARG could not be detected and DLX3 and SP1 proteins were weakly 

expressed in the MTCs. But by day 25, expression became stronger and all the three transcription 

factors were colocalized in the nuclei of BNCs, suggesting their role in bovine placentation [86]. 

Using fluorescence-activated cell sorting (FACS), populations of MTCs and BNCs were isolated 

from bovine placental homogenates to survey their gene expression profile. Transcript abundance 

determined by quantitative PCR for the trophectoderm lineage specifier, CDX2 and HAND1 was 

not different between MTCs and BNCs. BNCs showed higher expression of GCM1, CSH1 and 

PAG1 than MTCs [87]. 
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Mechanisms of binucleate cell formation  

 Although morphological events leading to the formation of BNCs have been characterized and 

studied, mechanisms leading to binucleate cell formation has been an area of active research. Two 

theories have been put forward for the formation of BNCs in cattle.  

a. Endogenous retroviral mediated cell fusion: Endogenous retroviral sequences have been 

detected in the genome of all vertebrates and are thought to arise from ancient infections of the 

germ line of the host by exogenous retroviruses. Endogenous retroviruses (ERV) are believed to 

play an important role in placental development as the ERV envelope genes syncytin-1 and 

syncytin-2 in humans and Syncytin-A and Syncytin-B in rodents have been found to display 

fusogenic activity aiding trophoblast differentiation [88-90]. Koshi et al reported that two ERV 

genes bERVE-A and bERV-K1 env were expressed in bovine trophoblastic tissues starting on day 

20 of gestation and were markedly increased on day 35 of gestation, corresponding to the time 

period of BNC formation [91]. In addition, a bovine trophoblast cell line BT1 was found to express 

bERVE-A and bREV-K1 env and the expression levels of these two genes were enhanced when 

they were induced to form BNCs by in vitro culturing on Matrigel [91]. Another study in the sheep 

supported the endogenous retrovirus theory for the formation of binucleate cells in sheep 

trophoblasts. Loss-of-function experiments of the endogenous Jaagsiekte sheep retroviruses 

(enJSRV) envelope protein production was performed by in utero injections of morpholino 

antisense oligonucleotides on day 8 of pregnancy. This caused retarded trophectoderm outgrowth 

during conceptus elongation and inhibited BNC formation as observed on day 16 suggesting that 

enJSRV envelope gene regulates trophectoderm growth and differentiation in the ovine conceptus 

[92].  
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b. Acytokinetic mitosis:  Also known as endoreduplication, it is the general phenomenon by which 

cells undergo DNA replication in the absence of subsequent cell division. According to this theory, 

the BNCs are formed from MTCs by nuclear mitosis without cytokinesis. Wooding and Flint 

proposed that asymmetric mitoses of any MTC at the feto-maternal contact zone can result in two 

cells, among which one does not participate in the formation of apical tight junctions. This cell 

undergoes acytokinetic mitosis, leading to formation of BNC with two diploid nuclei [93]. The 

resulting BNCs had mitotic figures that were much bigger than in mitoses of normal MTCs 

suggesting that their nuclei may be polyploid, since the size of the mitotic figures depends on the 

number or size of the chromosomes they contain [94]. Cytogenetic analysis [95], volumetric 

analysis of interphase nuclei [96] and determination of ploidy levels by DNA-DNA in situ 

hybridization with a Y-chromosome-specific DNA probe confirmed that a high proportion of fetal 

placentomal nuclei are polyploid [97]. Furthermore, occurrence of tripolar mitoses also supports 

the possibility of elevated number of chromosomes in BNCs [98]. 

Implantation in cattle 

 Implantation is the process where the conceptus establishes its definitive contact with the 

maternal endometrium and establishes developed placental structures. Morphological studies have 

shown that implantation starts around day 20 in cattle [29]. The BNCs which are present at the 

feto-maternal interface start to fuse with the cells of the uterine endometrium to form tri-nucleate 

cells. It is the formation of these tri-nucleate cells which results in definitive implantation in cows 

and hence the classification of placentation as ‘synepitheliochorial’ [99]. Implantation in cows, 

ruminants in general is unique as it occurs at discrete areas of attachment termed as placentomes 

comprising the fetal part called cotyledons and the maternal section called caruncle. Light electron 

microscopic studies around the time of implantation in cattle has shown that by days 20-21, the 
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trophoblast cells begin to establish loose connections with the maternal endometrium at the 

caruncles, with the microvilli of the maternal cells starting to indent the apical border of the 

trophoblast cells. Mutual interdigitation of microvilli was evident by day 24 and a definitive 

attachment could be appreciated by day 27 [100]. There is no penetration of the trophoblast cells 

beyond the uterine epithelium. Several molecules like integrins [101, 102], fertilin [103], CD9 

[103], PLET1 [104] have been proposed to initiate attachment and binucleate cell fusion in cows 

but there appears to be no definitive consensus.  

Cell culture models to study trophoblast function 

 In embryos, at the onset of lineage specification events, cell proliferation is supposedly 

maintained by a niche of self-renewable stem cells which eventually gives rise to other 

differentiated cells. This scenario is supported by the isolation of trophoblast stem cells (TSC) 

from mouse and rats [53, 105]. TSCs could self-renew indefinitely and contribute to the 

development of the placenta in vivo. Maintenance of these cells were dependent on feeder cells 

and presence of the growth factor FGF4, the absence of which resulted in their differentiation into 

other trophoblast lineages [53]. The intense proliferation of trophoblast cells observed in cows 

opens the question of existence of such stem cells. Using approaches similar to that used in mouse, 

two trophoblast cell lines, CT1 [106] and BT1 [107], have been established from blastocyst stage 

bovine embryos. They share identical morphological and functional characteristics of trophoblast 

cells of the embryo, including expression of trophoblast specific transcription factors and secretion 

of IFNT, PAGs and TKDPs [106, 107]. These cells could be continuously maintained in culture 

in the absence of any growth factors and spontaneously differentiated into binucleate cells when 

grown on collagen or Matrigel matrix [91, 107]. However, in addition to genes specific to MTCs, 

they also express markers of differentiated trophoblast cells like CSH2 and PL [107] suggesting 
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the possibility that they might represent a more differentiated immortalized trophoblast phenotype 

rather than true trophoblast stem cells. Absence of validated TSC like cells in cow has also added 

to the slow pace of our understanding of trophoblast development in cows. 

STUDIES ON BOVINE PLURIPOTENCY  

Pluripotency 

 Pluripotency refers to the unrestricted developmental potential of cells to form derivatives of 

all the three germ layers: ectoderm, mesoderm and endoderm, and thus an entire organism. In the 

early embryo, pluripotency appears to be a transient period observed in the cells of the ICM 

governed by transcriptional regulation. However, pluripotency can be stabilized in vitro, to 

generate pluripotent stem cells (PSCs) that can be indefinitely propagated in their undifferentiated 

state, a property endowed by appropriate culture conditions. The plasticity and unlimited self-

renewal property have made PSCs attractive candidates for applications in both biotechnology and 

biomedical research. Different types of PSCs typically annotated based on their embryonic origin 

have been isolated from mammals, with the most studied being embryonic stem cells (ESCs) and 

induced pluripotent stem cells (iPSCs). 

Embryonic stem cells 

 ESCs were first derived from the mouse in in the late 1980s from the inner cell mass of the 

pre-implantation embryo [108, 109] and revolutionized mouse genetics by permitting genetic 

modifications made in ESCs to be passed on to their progeny resulting in chimeric animals. 

Subsequently, ESCs were also derived from human [110] and rat embryos [111]. Morphologically, 

rodent cells appear dome shaped and could be propagated in medium containing leukemia 

inhibitory factor (LIF). However, human ESCs were distinct from those obtained from rodents in 

that they formed flattened colonies [111] and were dependent on fibroblast growth factor (FGF2) 
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for their self-renewal [112]. Despite their differences, both type of cells could self-renew, express 

pluripotency markers and contribute to the formation of three germ layers [108, 110]. Although 

the expression of many of the core pluripotency associated genes are the same for both human and 

mouse, the networks of transcriptionally active genes that sustain them are clearly not identical 

[113].  

Attempts to derive bovine ESCs 

 Since the derivation of ESCs from mouse in the early 1980s, there have been extensive efforts 

to derive bovine ESCs from in vivo derived [114-116], in vitro derived [117-119] and nuclear 

transfer embryos [120]. These cell lines derived from the inner cell mass of the bovine embryo, 

initially appeared promising and exhibited several features of pluripotency including compact 

morphology [114], rapid growth and marker expression (Alkaline phosphatase, SSEA1, SSEA4) 

[114, 121]. However, despite using growth factors and culture conditions permissive in other 

species, they could not self-renew long term [121]. They did not form teratomas in 

immunodeficient mice and failed to contribute to the germ line in vivo and were subsequently 

termed as “ESC like cells” [122]. More recently, Bogliotti et al. [123] reported generation of 

bovine ESCs using a culture medium supplemented with FGF2 and inhibitor of the Wnt-β-catenin 

signaling pathway. These ESCs could be propagated over 70 passages and expressed stable 

morphology, normal karyotype, pluripotency gene expression pattern, and the ability to generate 

teratomas containing cells derived from all three germ layers [123]. However, the ability to 

generate germline chimeras, often considered the gold standard for pluripotency has not been 

demonstrated for this species. 
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Induced pluripotent stem cells 

 An exciting breakthrough in the field of stem cell biology was the development of the iPSC 

technology where any cell, irrespective of age, sex or origin could be reprogrammed to a 

pluripotent state. It was based on the rationale that ESC specific transcription factors when 

overexpressed from ectopic vectors could activate several downstream gene networks resulting in 

reprogramming of terminally differentiated cells to a pluripotent state. iPSCs were generated 

initially from mouse fibroblasts using the transcription factors Oct4, Sox2, Klf4 and cMyc 

(OSKM) [124] and then from human fibroblasts using OSKM [125] or a slightly different set of 

genes Oct4, Sox2, Nanog and Lin28(OSNL) [126]. These cells have been shown to be similar to 

ESCs with respect to morphology, growth properties, marker expression and ability to contribute 

to germline chimeras [127]. 

Attempts to derive bovine iPSCs 

 Development of the iPSC technology has reinjected excitement into the bovine PSC research 

as it allowed for the generation and maintenance of iPSCs in species in which it has previously 

been difficult to isolate and culture ESCs. Moreover, this technique made it possible to obtain bona 

fide pluripotent stem cells without having to use the embryo as a starting material. Although in 

mouse and human, the application of this technique has been rapidly and widely adopted, the 

technology has been slower to give positive results in farm animals. Different approaches, 

including the use of genome integrating retroviral [128] and lentiviral vectors [129, 130], plasmid 

based [131] and electroporation methods [132] have been attempted to generate putative bovine 

iPSC. Interestingly, in most of the cases, OSKM factors alone were insufficient to reprogram donor 

cells and required additional genes like Nanog [129] , Lin28 [128] or small molecule inhibitors of 

GSK3b and MEK signaling together with LIF or FGF2 or in combination as growth factors [131]. 
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The resulting colonies resembled either human [129] or mouse [132] ESC colonies, expressed 

pluripotency markers (AP, SSEAs, Oct4), formed teratomas and showed high prolificacy [128, 

129, 132, 133]. However, silencing of transgenes, a hall mark of faithful reprogramming, was not 

achieved in any of the reported bovine iPSC lines [128-131], suggesting that these cells were 

incompletely reprogrammed and that the transient pluripotent status may have depended on ectopic 

rather than endogenous gene expression. In general, the success rate remains variable due to poor 

efficiency and reliability leaving us with the same hurdles which were encountered with attempts 

to derive bovine ESCs. 
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CHAPTER 2 

Profiling of proteins secreted in the bovine oviduct reveals diverse functions of this 

luminal microenvironment 

Pillai, V. V., Weber, D. M., Phinney, B. S., & Selvaraj, V. (2017). Profiling of proteins secreted 

in the bovine oviduct reveals diverse functions of this luminal microenvironment. PloS one, 

12(11), e0188105. 
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ABSTRACT 

 The oviductal microenvironment is a site for key events that involve gamete maturation, 

fertilization and early embryo development. Secretions into the oviductal lumen by either the 

lining epithelium or by transudation of plasma constituents are known to contain elements 

conducive for reproductive success. Although previous studies have identified some of these 

factors involved in reproduction, knowledge of secreted proteins in the oviductal fluid remains 

rudimentary with limited definition of function even in extensively studied species like cattle. In 

this study, we used a shotgun proteomics approach followed by bioinformatics sequence prediction 

to identify secreted proteins present in the bovine oviductal fluid (ex vivo) and secretions from the 

bovine oviductal epithelial cells (in vitro). From a total of 2087 proteins identified, 266 proteins 

could be classified as secreted, 109 (41%) of which were common for both in vivo and in vitro 

conditions. Pathway analysis indicated different classes of proteins that included growth factors, 

metabolic regulators, immune modulators, enzymes, and extracellular matrix components. 

Functional analysis revealed mechanisms in the oviductal lumen linked to immune homeostasis, 

gamete maturation, fertilization and early embryo development. These results point to several 

novel components that work together with known elements mediating functional homeostasis and 

highlight the diversity of machinery associated with oviductal physiology and early events in cattle 

fertility. 
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INTRODUCTION 

 The oviductal microenvironment is a site for key events that involve gamete maturation, 

fertilization and early embryo development, processes that ultimately determine reproductive 

success. The oviductal epithelium has long been known to secrete specific proteins and metabolic 

elements, which in addition to components derived from blood plasma forms the oviductal fluid 

[1, 2]. In recent years, there has been accumulating evidence that several of these protein 

components might contribute to developmental events that occur in this microenvironment [3, 4]. 

In support, supplementing oviductal fluid components during in vitro fertilization (IVF) has 

demonstrated improved fertilization success and development rates [5-7]; co-culture with bovine 

oviductal epithelial cells (OECs) during IVF has indicated positive effects on early development 

of embryos [8-12]. These effects have been particularly linked to regulation of metabolic pathways 

[10, 13, 14], and in some cases epigenetic modulation of the developing embryo [11, 15]. 

Nevertheless, a comprehensive evaluation of secreted proteins in the oviductal fluid remains to be 

conducted, and data exist only from targeted studies with limited definition of function even in 

extensively studied species like cattle [16, 17] 

 Early embryonic loss is a major basis for reduced fertility in cattle [18]. Following fertilization, 

the embryo resides in the oviductal microenvironment for the first 3-4 days of development, during 

which sequential cleavage leading up to the 16-cell stage occurs before the embryo enters the 

uterus [19]. Efforts to study bovine oviductal fluid components started in the late 1950s [20], with 

initial focus on total protein content and free amino acid levels [21-23], and concentrations of 

metabolic components [21, 24]. Subsequent studies examining specific proteins in bovine 

oviductal fluid have largely taken topical or focused approaches, for example, visualizing proteins 

that associate with gametes [25-27], immuno-identification of glycoproteins synthesized at estrus 
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[28, 29], insulin-like growth factors and binding proteins [30]. Proteomic profiling of components 

in the oviductal fluid and uterine fluid have been performed in other farm animal species like pigs 

[31, 32], and this has led to improvement of in vitro embryo production methods [33]. However, 

potential proteins that could be present in the bovine oviductal fluid have only been extrapolated 

from gene expression studies on the oviductal epithelium [34-36].  

Knowledge of the bovine oviductal microenvironment and its effect on physiology of early embryo 

development would be important for improving in vitro embryo production methods and perhaps 

identifying unique bovine pluripotency mediators. In the present investigation, we use a shotgun 

proteomics approach to identify and compare secreted proteins in the bovine oviductal fluid, and 

secretions from OECs in culture with and without stimulation. Our results reveal several novel 

components that highlight the diversity of functions associated with the oviductal 

microenvironment. These findings represent the first step towards improved understanding of 

factors that could influence early events in cattle fertility.  

MATERIALS AND METHODS: 

Animals and reagents 

 Samples from Holstein cows (Bos taurus) were collected from the slaughterhouse (Cargill®, 

Wyalusing, PA). Healthy reproductive tracts in both follicular and luteal phases of the estrous 

cycle were included in this study. All reagents were purchased from Sigma-Aldrich (St Louis, 

MO), unless otherwise noted. 

Collection of oviductal fluid 

Reproductive tracts were removed immediately after slaughter and both oviducts were isolated for 

collection at random stages of the estrous cycle. Using a fire-polished glass Pasteur pipette, fluid 

from the ampulla and isthmus of 28 cows (10-30 µl per animal) was collected by gentle aspiration. 
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Fluid collected was combined and centrifuged at 2000 x g for 5 minutes, supernatant then removed 

and filtered using a low protein binding 0.2 µm polyethersulfone syringe filter to remove any cells 

or debris. Samples were snap-frozen in liquid nitrogen and held at -80˚C until further processing. 

The sample collection procedure was completed within 30 minutes after slaughter of the animal. 

Culture and characterization of OECs 

 Intact oviducts together with the tip of the uterine horn and the ovary were dissected 

immediately after slaughter and transported on ice in Dulbecco’s modified eagle medium (DMEM) 

containing 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and 

penicillin-streptomycin supplement. Chilled oviducts were dissected from the surrounding 

connective tissue and washed several times using phosphate buffered saline (PBS). The region of 

ampulla and isthmus were trimmed and retained in petridishes with M199 medium containing 

penicillin streptomycin. The oviductal mucosa that contains the epithelial layer was gently 

extruded by mechanical pressure using atraumatic forceps and collected in a separate tissue culture 

dish containing the same medium in pairs (Movie S1). The cell aggregates were then gently 

dispersed using a fire-polished Pasteur pipette and centrifuged at 500 x g for 5 minutes in a 

swinging bucket centrifuge. The cell clusters were suspended in complete culture medium M199 

containing 10% fetal bovine serum, 1% non-essential amino acids supplement and 1% penicillin-

streptomycin and plated in tissue culture dishes and incubated at 37˚C under an atmosphere of 5% 

CO2 to allow attachment and proliferation. Cell morphology and growth was assessed visually, 

and subsequently OECs were evaluated for expression of the epithelial marker cytokeratin (Figure 

2.1). 
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Immunocytochemistry  

 Primary bovine OECs were grown on coverslips coated with 0.2% gelatin and fixed with 4% 

formaldehyde. Cells were then permeabilized with 0.1% Triton X-100 in PBS for 1 minute and 

blocked using 5% normal goat serum for 30 minutes. Coverslips were subsequently incubated with 

a mouse monoclonal anti-cytokeratin antibody (1:200 dilution; Cell Signaling Technology) for 1 

hour. Coverslips were then washed three times using PBS and incubated with Alexa Fluor 

conjugated anti-mouse Fab’ fragments for 30 minutes, washed again with PBS, 

counterstained/mounted with 4’,6-diamidino-2-phenylindole (DAPI) containing Prolong Gold 

reagent (Life Technologies, Carlsbad, CA). Images were acquired using an inverted microscope 

(DMI 3000, Leica) using a cooled monochromatic camera (DFC365FX, Leica).  

Collection of OEC conditioned media  

 Confluent OEC mixed cultures from at least 10 different animals were used for generating two 

types of OEC conditioned media mainly from apical secretions. First, adherent cells were washed 

with two repeated changes of PBS followed by two repeated changes of serum free M199 medium. 

For the 48-hour collection period (OEC-48), plates were returned to the incubator and kept 

undisturbed for that duration. For the stimulated secretions (OEC-S4), fresh serum free M199 

medium supplemented with 5 ng/ml phorbol myristate acetate (PMA), 500 ng/ml of ionomycin 

and 0.5 mM of dibutyryl cyclic adenosine monophosphate (Bt2cAMP) was added to the cells and 

incubated for 4 hours. Use of these secretagogues were to enhance protein secretions mimicking 

cell activation signals that induce protein kinase A, protein kinase C, and increase intracellular 

Ca2+ levels. At the end of the incubation period, media were collected from the dishes, centrifuged 

at 500 x g for 5 minutes, filtered using a 0.2 µm PES syringe filter, snap frozen in liquid nitrogen 

and stored at -80˚C until further processing.  
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Sample Preparation and Digestion  

 Protein concentrations were determined using BCA assay kit following manufacturer 

directions. Samples were then precipitated using the ProteoExtract Protein Precipitation Kit 

(CalBiochem). Resulting protein pellet was solubilized in 6 M urea in 50mM ammonium 

bicarbonate. Dithiothreitol (DTT) was added to a final concentration of 5 mM and samples were 

incubated for 30 min at 37˚C. Subsequently, 20 mM iodoacetamide (IAA) was added to a final 

concentration of 15 mM and incubated for 30 min at room temperature, followed by the addition 

of 20 µL DTT to quench the IAA reaction. Lys-C/trypsin (Promega) was used at a 1:25 ratio 

(enzyme:protein) and incubated at 37˚C for four hours. Samples were then diluted to <1 M urea 

by the addition of 50 mM ammonium bicarbonate and digested overnight at 37˚C. The following 

day, samples were desalted using C18 Macro Spin columns (Nest Group) and dried down by 

vacuum centrifugation. 

 LC-MS/MS Analysis 

 LC separation was done on a Proxeon Easy-nLC II HPLC (Thermo Scientific) with a Proxeon 

nanospray source. The digested peptides were reconstituted in 2% acetonitrile/0.1% trifluoroacetic 

acid and 10 µl of each sample was loaded onto a 100 µm x 25 mm Magic C18 100Å 5U reverse 

phase trap where they were desalted online before being separated on a 75 µm x 150 mm Magic 

C18 200Å 3U reverse phase column. Peptides were eluted using a gradient of 0.1% formic acid 

and 100% acetonitrile with a flow rate of 300 nL/min. A 120-min gradient was run with 5% to 

35% acetonitrile over 100 min, 35% to 80% acetonitrile over 10 min, 80% acetonitrile for 2 min, 

80% to 5% acetonitrile over 5 min, and finally held at 5% acetonitrile for 5 min.  

 Mass spectra was collected on an Orbitrap Q Exactive mass spectrometer (Thermo Fisher 

Scientific) in a data-dependent mode with one MS precursor scan followed by 15 MS/MS scans. 
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A dynamic exclusion of 5 sec was used. MS spectra were acquired with a resolution of 70,000 and 

a target of 1 × 106 ions or a maximum injection time of 20 msec. MS/MS spectra were acquired 

with a resolution of 17,500 and a target of 5 × 104 ions or a maximum injection time of 250 msec. 

Peptide fragmentation was performed using higher-energy collision dissociation (HCD) with a 

normalized collision energy (NCE) value of 27. Unassigned charge states as well as +1 and ions > 

+5 were excluded from MS/MS fragmentation.  

Database searching 

 Tandem mass spectra were extracted by Proteome Discoverer v1.2. Charge state deconvolution 

and deisotoping were not performed. All MS/MS samples were analyzed using X! Tandem (The 

GPM, www.thegpm.org; version CYCLONE 2013.02.01.1). X! Tandem was set up to search the 

Uniprot bovine proteome (23,942 entries) and 116 common laboratory contaminants 

(www.thegpm.org/crap) with an equal number of reverse decoy sequences assuming the digestion 

enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 20 PPM and a 

parent ion tolerance of 20 PPM. Carbamidomethyl of cysteine was specified in X! Tandem as a 

fixed modification. Glu->pyro-Glu of the n-terminus, ammonia-loss of the n-terminus, gln->pyro-

Glu of the n-terminus, deamidated of asparagine and glutamine, oxidation of methionine and 

tryptophan, dioxidation of methionine and tryptophan and acetyl of the n-terminus were specified 

in X! Tandem as variable modifications.  

Criteria for protein identification 

 Scaffold (version 4.2.0, Proteome Software Inc., Portland, OR) was used to validate MS/MS 

based peptide and protein identifications. Peptide identifications were accepted if they could be 

established at greater than 79.0% probability by the Scaffold Local FDR algorithm. Protein 

identifications were accepted if they could be established at greater than 95.0% probability to 
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achieve an FDR less than 5.0% and contained at least 2 unique peptides.  This resulted in a spectra 

decoy FDR of 0.35% and a protein decoy FDR of 4.9 %. Protein probabilities were assigned by 

the Protein Prophet algorithm [37]. Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 

Proteins sharing significant peptide evidence were grouped into clusters. 

Analysis of identified proteins 

 To predict proteins secreted via the classical secretory pathway in the resulting dataset, we 

used SignalP v4.1 (http://www.cbs.dtu.dk/services/SignalP/) [38] to identify N-terminal sequence 

motifs directing proteins to the secretory pathway, in tandem we used TargetP v1.01 

(www.cbs.dtu.dk/services/TargetP) [39] to refine this dataset by removing proteins destined for 

the mitochondria [40]. This predicted dataset was further refined using Phobius 

(http://phobius.sbc.su.se/) [41] to remove proteins that contained transmembrane regions. In this 

overall analysis, proteins were considered secreted if they contained an N-terminal secretory 

sequence, did not traffic to the mitochondria, and lacked transmembrane regions. In parallel, to 

predict proteins secreted via the non-classical secretory pathway in the same dataset, we used 

SecretomeP v2.0 (http://www.cbs.dtu.dk/services/SecretomeP/) [42] for feature-based analysis 

and identification of secreted proteins that do not contain an N-terminal signal sequence motif. 

Results from SecretomeP were further filtered using Phobius as described above. In this pipeline, 

glycosylphosphatidylinositol anchored surface proteins would also be identified as secreted. The 

resulting protein lists were classified by using gene ontology (GO) terms using PANTHER (protein 

analysis through evolutionary relationships tool [43]. For integrated functional evaluation, the 

proteins identified were also analyzed using Ingenuity® pathway analysis (IPA) to model and 

interpret biological significance of identified components. Common candidates in the proteomics 

http://www.cbs.dtu.dk/services/SignalP/
http://phobius.sbc.su.se/
http://www.cbs.dtu.dk/services/SecretomeP/
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dataset and from reanalysis of two published transcriptomics datasets from Bos taurus (NCBI 

GEO: GSE74612 [44]), and Bos indicus (GEO GSE65681 [36]), were identified and visualized as 

Circos plots [45], together with the classification based on GO terms. 

Data Availability 

 Raw data, mzML and Scaffold results are available from the MassIVE proteomics repository 

(MSV000081192) and Proteome Exchange (PXD006794).  

RESULTS AND DISCUSSION  

Secreted proteins in the bovine oviductal fluid 

 Experimental groups in this study enabled the identification of proteins that were secreted 

under ex vivo (OF) and in vitro (OEC-48 and OEC-S4) conditions (Figure 2.1). Cytokeratin 

expression evaluated in the in vitro cultures showed that OECs were of high purity without any 

contaminating fibroblasts (Figure 2.1). Protein mass spectrometric analysis identified a total of 

2087 proteins combined for the three groups: 1289 proteins in OF, 1148 proteins in OEC-48, and 

1391 proteins in OEC-S4. Within this combined list that would include proteins present within 

exosomes or released from damaged cells, 266 proteins passed the SignalP, TargetP, SecretomeP 

and Phobius filters indicating the putative number of secreted proteins identified: 148 proteins in 

OF, 200 proteins in OEC-48, and 151 proteins in OEC-S4. Of these, 68 proteins (26%) were 

common for all three groups, 109 proteins (41%) were common between in vivo and in vitro 

conditions, and 165 proteins (62%) were common for at least two of the groups (Figure 2.2 A, B). 
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Figure 2.1. Collection of oviductal cell secretions. Oviducts were dissected and removed from the 

mesosalphinx and fluid was collected either by direct aspiration (ex vivo) or after the culture of the 

oviductal epithelium (in vitro). Media used for culturing oviductal epithelial cells (OECs) were collected 

after passive conditioning for 48 hours or after a 4-hour stimulation with phorbol myristate acetate 

(PMA), ionomycin and dibutyryl cyclic adenosine monophosphate (Bt2cAMP). (1) Extruded oviductal 

mucosa containing intact epithelial sheets. (2) Representative image showing attachment and growth of 

the oviductal epithelial cells after 2-3 days in culture (Scale bar 300 µm). Immunohistochemistry for 

cytokeratin as a marker for OECs showed that the cultures established by this method were of high purity 

(Scale bar 200 µm). 
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Figure 2.2. Comparison of proteins identified under different collection methods for oviductal cell 

secretion conditions. A total of 266 secreted proteins were identified. (A) Distribution of proteins that were 

unique or common between the three different groups: oviductal fluid (OF) and conditioned media obtained 

from oviductal epithelial cell cultures without (OEC-48) or after stimulation (OEC-S4). A subset of 68 

proteins was common for the three groups. OEC-S4 had the least number of unique proteins that were not 

represented in OF or OEC-48. (B) Distribution of the percentage of unique and common proteins within 

each of the three collection groups. 

 

We did not detect immunoglobulins in any of the samples demonstrating that our sampling method 

was without plasma/serum contamination.  

General categories of function for proteins identified in the oviductal secretome based on 

biological process or molecular function (Figure 2.3) were aligned to the major physiological 

processes that occur in the oviductal lumen. When the list of secreted proteins identified was 

compared to oviduct transcriptomics data from two different studies, we identified 236 (89%) of 

the proteins identified also represented as transcripts in Maillo et al. [35], and 200 (75%) in 

Gonella-Diaza et al. [36] (Figure 2.4). This also highlighted an important finding that most of the 

proteins detected were synthesized and secreted by the oviductal epithelium, and that there was 

little contribution of plasma protein components to the oviductal fluid. This is in contrast to a 

previous observation made in rabbits in which immunoglobulins and albumin were identified as 

major components [46]. We can only speculate the reason underlying this distinction, and one 

possibility is the species differences that are known to impact events that occur in the oviduct. 
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Figure 2.3. Gene ontology (GO) classification for all proteins identified in oviductal cell secretions. 

Distribution of GO terms describing (A) biological processes, and (B) molecular functions for the number 

of identified secreted proteins 
 

 

Figure 2.4. Comparison of oviductal cell 

secreted proteins to transcriptome of the 

bovine oviduct from two published 

datasets.  Of the 266 secreted proteins 

identified in oviductal cells, 236 (89%) and 

200 (75%) of the proteins were detected as 

transcripts in the oviduct by Maillo et al. 

[35], and the Gonella-Diaza et al. [36] 

respectively. This comparison indicates 

that almost 90% of the proteins identified 

in this study are synthesized by the 

oviductal epithelium, with only 30 (11%) 

of proteins putatively derived by plasma 

protein transudation. 
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The list of proteins and the experimental group in which they were detected are presented 

based on broad categorizations as, growth factors and cytokines integral to this functional niche 

(Table 2.1), homeostasis maintained by protease and protease inhibitors (Table 2.2), other enzymes 

involved in a variety of functions (Table 2.3), other proteins associated with gamete maturation 

fertilization and preimplantation embryo development (Table 2.4). Although a subset of these 

proteins identified are already supported by functional evidence in the literature from different 

species, we identified several proteins and associated physiological pathways that have not been 

previously reported for this microenvironment. In sections below, we focus in brief on the 

relevance of these results and discuss their importance in understanding fertility in cattle. 

Growth factors and cytokines  

 Developmental functions that occur in the oviductal microenvironment are known to be 

supported by factors that signal to gametes or embryo in the lumen. Among the proteins classified 

as growth factors and cytokines (Table 2.1), only 15 have been linked in previous reports to 

potential functions in the oviduct. The remaining 24 proteins were candidates detected in this 

microenvironment for the first time, the functional significance of which remains to be uncovered. 

Expression of macrophage colony stimulating factor 1 (CSF1) has been reported to increase after 

lipopolysaccharide exposure in the bovine oviductal epithelium [47]. CSF1 has been shown to 

accelerate development in bovine embryos [48, 49]. Although function remains unclear, 

hepatocyte growth factor has been reported in human oviductal fluid [50]. Activin/inhibin subunits 

have been identified in the murine oviduct as responsible for stimulating early embryogenesis [51]. 

During bovine embryogenesis, platelet derived growth factor (PDGF) is known to stimulate 

development during the fourth cell cycle [52]. Transforming growth factor  and vascular 

endothelial growth factor have been previously identified in the bovine oviduct [53], and may play 
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a role in the developmental competence of bovine oocytes [54], and promote early embryonic 

development [55]. It has been suggested that BMP signaling is involved in crosstalk between the 

oviduct and the embryo during early stages of development [56]. 

Table 2.1. Growth factors and cytokines in the oviductal cell secretions 

Protein name Accession OF OEC-48 OEC-S4 

Growth factors     

Bone morphogenetic protein 7* F1MLT0  ●  

Connective tissue growth factor O18739  ● ● 

C type lectin domain family 11, member A A5D7L1  ●  

Endothelial cell specific molecule 1 A5D7V3 ● ● ● 

Fibroblast growth factor 18 Q0VCA0  ●  

Fibroblast growth factor 21* E1BDA6  ●  

Glia maturation factor beta P60984 ● ● ● 

Granulin E1BHY6  ● ● 

Growth arrest specific 6 F1MZ40 ● ● ● 

Growth differentiation factor 15 E1BBL5  ●  

Hepatocyte growth factor Q76BS1   ● 

Hepatoma derived growth factor Q9XSK7 ● ● ● 

Inhibin, beta A chain P07995  ●  

Kit ligand Q28132  ●  

Macrophage colony stimulating factor 1 F1MGS9   ● ● 

Midkinea Q9N0E6  ●  

Nephroblastoma overexpressed Q2HJ34  ●  

Nicotinamide phosphoribosyltransferase* F1MJ80   ● 

Pigment epithelium derived factor Q95121 ●   

Platelet derived growth factor C E1BJY4 ● ●  

Transforming growth factor beta 1 P18341 ● ●   

Transforming growth factor beta 2 P21214  ●  

Vascular endothelial growth factor A P15691  ● ● 

Cytokines     

Complement component 5a  F1MY85 ●   

C-X-C motif chemokine 16 Q29RT9  ● ● 

C-X-C motif chemokine 6 P80221  ●  

Dickkopf wnt signaling pathway inhibitor 3  A6QL81  ● ● 

Family with sequence similarity 3B  E1BQ21 ● ●  

Family with sequence similarity 3C  A5PKI3  ● ● 

Family with sequence similarity 3 D  E1BDN9  ●  

Growth regulated protein homolog gamma O46675  ●  
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Interleukin 8 P79255  ●  

Leukemia inhibitory factor Q27956  ● ● 

Macrophage migration inhibitory factor P80177 ● ●  

Myeloid derived growth factor P62248  ● ● 

Osteopontin  P31096  ● ● 

Small inducible cytokine subfamily E1  Q3ZBX5 ● ● ● 

Tumor necrosis factor ligand 1B E1BF06  ●  

* Exceptions: Proteins identified with only one unique peptide 

 

 

 Cytokines that included several inflammation-associated candidates were found to be 

expressed by oviductal cells (Table 2.1). Only few of these have been previously reported in the 

oviduct for any species. Early studies have demonstrated synthesis of leukemia inhibitory factor 

(LIF) by bovine oviductal cells [57]. LIF expression is known to have beneficial effects on sheep 

oocytes [58], and early embryos [59]; similar results have been recently reported for cattle [49, 

60]. Interleukin 8 expression, often connected to inflammation, has been reported in human 

fallopian tubes [61]. Macrophage migration inhibitory factor has been identified in bovine oviducts 

with higher levels detected in the postovulatory phase, but its function remains unclear [62]. 

Previous studies have detected and linked osteopontin expression in the bovine oviduct [63], with 

a role in sperm-egg binding and fertilization [64]. Conserved functions for osteopontin have also 

been reported in porcine [65], and murine oviducts [66]. The tumor necrosis factor  system has 

been suggested to be responsible for local contractions modulating transport of the gametes and 

embryos [67].  

Proteases and protease inhibitors 

 Protease activity has been reported in oviducts in several species, and some of their functions 

have been linked to sperm capacitation [68, 69]. We identified 27 proteases and 16 protease 

inhibitors expressed by oviductal cells (Table 2.2). Cathepsins are considered to be involved in 

gamete maturation leading to fertilization, and we identified several cathepsins (A, B, C, D, V and 
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Z) produced by the oviductal cells. Previous studies have reported cathepsins in the oviducts of 

domestic cats [70], hamsters [71], and llamas [72]. Components of the complement pathway were 

also identified. Complements have been suggested to be important for sperm-oocyte interaction 

[73, 74]; complement components are also known to be activated by spermatozoa and could cause 

acrosome loss in rabbit spermatozoa [75]. Complements have also been demonstrated to stimulate 

embryo development [76, 77]. Although furin has not been reported in the oviductal secretions, its 

role in protein processing in the epididymal fluid has been suggested [78]. Haptoglobin mRNA 

has been previously reported in the oviduct of cycling cows [79]. Kallikrien-related peptidases 

have been linked to a role in host defense in cervical mucus [80]. Lactotransferrin has been 

reported in human oviducts as a modulator of gamete interaction [81]. The proteases plasminogen, 

tissue type plasminogen activator, urokinase type plasminogen activator, and the protease inhibitor 

-2-antiplasmin were identified in the oviductal secretions. Plasminogen/plasmin system has been 

suggested to regulate sperm entry into the oocyte in multiple species [82, 83]. In addition, 2 

macroglobulin known to inhibit proteases from all catalytic classes was also identified in the 

oviductal cell secretions for the first time. An immunoprotective role for placenta-sourced 2 

macroglobulin has been suggested for this acute phase protein in rats [84]. Other candidates that 

regulate extracellular matrix remodeling were also present in the oviductal secretions.  Matrix 

metalloproteinases (MMP 1 and 2), and corresponding tissue inhibitors of metalloproteinases 

(TIMP 1, 2 and 3) were identified in the oviductal secretome. Differential expression for MMPs 

and TIMPs have been reported in the bovine oviduct during the estrous cycle [85], with potential 

effects across fertilization and early embryonic development. Inhibitors of acrosomal and other 

lysosomal proteases like -1-antiproteinase/antitrypsin and different serpins (A3-1, A3-7, A3-8, 
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D1 and H1), cystatins (B and C) were identified. Similar inhibitors of acrosomal proteases has 

been reported in oviductal fluid collected from the rhesus monkey [86] and the rabbit [87].  

Table 2.2. Proteases and protease inhibitors in the oviductal cell secretions 

Protein name Accession OF OEC-48 OEC-S4 

   Proteases     

Cathepsin A Q3MI05  ● ● 

Cathepsin B P07688 ● ● ● 

Cathepsin C F1N455  ● ● 

Cathepsin D F1MMR6  ● ● 

Cathepsin V P25975 ● ● ● 

Cathepsin Z P05689  ● ● 

Coagulation factor II P00735 ●  ● 

Complement C1S Q0VCX1 ●   

Complement C2 Q0V7N2 ● ●  

Complement C3 Q2UVX4 ● ● ● 

Complement factor B P81187 ● ● ● 

Complement factor D Q3T0A3 ● ●  

Furin Q28193  ●  

Gamma glutamyl hydrolase A7YWG4  ●  

Granzyme A F6QZF5  ●  

Haptoglobin Q2TBU0 ●   

Serine protease HTRA 1 F1N152 ● ● ● 

Kallikrein related peptidase 10 Q0VCZ4  ● ● 

Lactotransferrin P24627 ● ● ● 

Legumain Q95M12  ●  

Matrix metalloproteinase 1 F1MT97  ●  

Matrix metalloproteinase 2 Q9GLE5  ●  

Plasminogen E1B726 ● ● ● 

Protein disulfide isomerase A5D7E8 ● ● ● 

Tissue type plasminogen activator Q28198 ● ● ● 

Tripeptidyl peptidase I Q0V8B6  ●  

Urokinase type plasminogen activator Q05589  ● ● 

Protease Inhibitors     

Alpha-1-antiproteinase P34955 ● ● ● 

 Alpha-2-antiplasmin P28800 ●  ● 

 Alpha-2-HS-glycoprotein P12763 ● ● ● 

Alpha-2-macroglobulin Q7SIH1 ● ● ● 

Angiotensinogen Q3SZH5 ●   
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Antithrombin III P41361 ● ● ● 

Cystatin B F6QEL0 ● ● ● 

Cystatin C P01035 ● ● ● 

Metalloproteinase inhibitor 1 P20414 ● ● ● 

Metalloproteinase inhibitor 2 F1N430 ● ● ● 

Metalloproteinase inhibitor 3 P79121  ● ● 

Serpin A3-1 Q9TTE1 ●   

Serpin A3-7 A2I7N3 ● ● ● 

Serpin A3-8 A6QPQ2 ●   

Serpin D1  A6QPP2 ●   

Serpin H1 Q2KJH6 ● ● ● 

 

Other enzymes 

In addition to the proteases indicated above, the oviductal cell secretions contained numerous 

enzymes (Table 2.3). Of these, only a few have been previously identified in the oviduct in 

different species. Ceramide metabolism mediated by acid ceramidase has been demonstrated to be 

critical for early embryo survival in mice [88]. Glycosidase activities in bovine oviductal fluid 

have been reported in previous studies [89]. These enzymes have been associated with 

modifications to the oocyte zona pellucida and capacitation of spermatozoa. In addition to 

glucosidase 2 reported in sheep [90] and cows [23], this study also identified 6 specific enzymes 

that may be linked to specific carbohydrate modifications previously measured in the oviductal 

fluid [89]. Arylsulfatases (A and B) have been reported in the rabbit oviduct [91], and indicate 

potential for glycoconjugate formation in this microenvironment [92]. Carbonic anhydrase IV has 

been demonstrated to provide an essential role in bicarbonate mediated activation of human and 

murine sperm [93, 94]. Chitinase-like proteins have been previously reported in the sheep oviduct 

[95].  Chitinase 3 like protein 1 has been reported to regulate inflammation and tissue remodeling 

[96]. Glucose-regulated protein 78 secreted in the human oviduct has been demonstrated to 

decrease sperm zona pellucida binding [97]. Heparan sulfate proteoglycans and their binding 
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proteins have been found to be important in the bovine reproductive physiology. Heparanase has 

not been previously reported in the oviduct, but its function in the uterus during implantation has 

been well studied in murine models [98, 99]. Phospholipid transfer protein expression is known to 

be stimulated in response to embryos in the murine oviduct [100]. Superoxide dismutase 

expression was also detected in the oviductal cell secretions indicating antioxidant defense by 

reducing superoxide radicals in this microenvironment. Superoxide dismutases have been 

previously reported in the bovine oviduct [101], and its importance in redox regulation has been 

emphasized in several species. 

Table 2.3. Other enzymes identified in the oviductal cell secretions 

Protein name Accession OF OEC-48 OEC-S4 

Acid ceramidase Q17QB3  ● ● 

Alpha amylase F1MJQ3 ●   

Alpha lactalbumin P00711   ● 

Alpha-N-acetyl-galactosaminidase Q1RMM9  ● ● 

Alpha-N-acetyl-glucosaminidase A6QM01  ●  

Angiogenin 1 P10152  ●  

Apolipoprotein A-1 binding protein Q6QRN6 ●  ● 

Arylsulfatase A Q08DD1 ● ●  

Arylsulfatase B A6QLZ3  ● ● 

Beta galactosidase Q58D55  ●  

Beta hexosaminidase  H7BWW2  ● ● 

Beta hexosaminidase subunit alpha Q0V8R6  ● ● 

Beta mannosidase Q29444  ●  

Biotinidase A6QQ07  ● ● 

Carbonic anhydrase IV Q95323  ● ● 

Chitinase 3 like protein 1 G3X7D2 ● ●  

Coagulation factor V Q28107 ● ● ● 

Egf containing fibulin like extracellular matrix 

protein 1 
A2VE41 ● ● ● 

Egf domain-specific O-linked N-acetyl-

glucosamine transferase 
A0JND3   ● 

Endoplasmic reticulum protein 44 Q3T0L2 ● ● ● 

Ero1 like protein A5PJN2  ● ● 

Gamma interferon inducible lysosomal thiol 

reductase 
F1MAU3  ● ● 
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Glucose regulated protein 78 Q0VCX2 ● ● ● 

Glucosidase 2 subunit beta Q28034 ● ● ● 

Glutaminyl peptide cyclotransferase Q28120  ●  

Heparanase F1N1G1  ●  

Interferon, gamma inducible protein 30 A6QPN6  ● ● 

Lysyl oxidase homolog 4 Q8MJ24  ● ● 

Peptidylprolyl isomerase C Q08E11  ● ● 

Peroxiredoxin 4 Q9BGI2 ● ● ● 

Phospholipid transfer protein Q58DL9 ●   

Procollagen lysine, 2-oxoglutarate 5-

dioxygenase 1 
O77588  ● ● 

Procollagen lysine, 2-oxoglutarate 5-

dioxygenase 2 
A7MB83  ● ● 

Prolyl 4-hydroxylase subunit alpha 1 A6QL77   ● 

Prostaglandin-H2 D-isomerase O02853 ● ●  

Protein disulfide isomerase A6H7J6 ● ● ● 

Protein disulfide isomerase A4 F1MEN8 ● ● ● 

Protein O-fucosyltransferase 1 Q7YRE7   ● 

Protein O-glucosyltransferase 1 Q5E9Q1   ● 

Ribonuclease 4 Q58DP6 ● ●  

Serpin peptidase inhibitor, clade C, member 1 P41361 ● ● ● 

Stromal cell derived factor 2 Q3SZ45   ● 

Sulfhydryl oxidase F1MM32 ● ● ● 

Superoxide dismutase  A3KLR9 ● ● ● 

Tissue alpha-L-fucosidase Q2KIM0  ●  

Vanin 1 Q58CQ9 ● ●  

 

Other proteins associated with gamete maturation, fertilization and preimplantation embryo 

development 

 Among proteins that did not fall into one of the above categories, we identified several that are 

of functional importance for gamete regulation, fertilization and preimplantation embryonic 

development (Table 2.4). In male fertility, apolipoprotein A-1 has been associated with sperm 

motility [102]. Apolipoproteins can act as cholesterol acceptors that facilitate cholesterol efflux 

from plasma membrane of spermatozoa [103], a necessary event for capacitation/hyperactivation. 

Specific association of apolipoprotein A-1 to bovine seminal plasma proteins [104] and 
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modulation of sperm capacitation [105] have been previously demonstrated. Expression of 

apolipoproteins in the oviduct has been reported in different mammalian model systems: 

Apolipoprotein D has been detected in guinea pig oviducts [106]. Apolipoprotein A-1 has been 

detected in rat oviducts [107]. An apolipoprotein H-like protein has been purified from human 

follicular fluid [108]. In addition to apolipoproteins A-1 and D, apolipoproteins A-IV, C-III, and 

H that were detected in this study have not been previously reported in mammalian oviducts. 

 The oviductal secretome also contained factors that have been associated with sperm survival, 

transport, and signal transduction during fertilization. -1-acid glycoprotein has been reported to 

inhibit neutrophil phagocytosis of sperm in the bovine oviduct [109]. Fibronectin has been 

demonstrated to stimulate human sperm capacitation by activating the protein kinase A pathway 

[110]. Organization of the extracellular matrix and paracrine communication by fibronectin has 

been identified to be important for early embryogenesis [111, 112]. Zinc--2-glycoprotein has 

been demonstrated to induce cAMP signaling and modulate motility in human sperm [113]. 

Calreticulin has been suggested to interact with the murine oocyte and mediate signaling linked to 

cell cycle resumption [114]. Phosphorylation of endoplasmin bound to murine spermatozoa has 

been associated zona pellucida interactions preceding fertilization [115]. Fetuin B is vital for 

maintaining fertility of murine ovulated oocytes by blocking ovastacin, a cortical granule protease 

known to trigger zona pellucida hardening [116]. Albumin has been found to increase blastocyst 

development in individual culture of bovine embryos [117]. Follistatin has been shown to be 

important for bovine early embryo development [118, 119]. Complement C5a has been shown to 

support human embryonic stem cell pluripotency even in the absence of other growth factors [120]. 
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Table 2.4. Other proteins associated with gamete maturation, fertilization and 

preimplantation embryonic development in the oviductal cell secretions 

 

Protein name Accession OF OEC-48 OEC-S4 

Alpha-1-acid glycoprotein Q3SZR3 ●  ● 

Apolipoprotein A-I P15497 ● ● ● 

Apolipoprotein A-IV F1N3Q7 ●   

Apolipoprotein C-III P19035 ●   

Apolipoprotein D Q32KY0 ●   

Apolipoprotein H P17690 ●  ● 

Calreticulin P52193 ● ● ● 

Endoplasmin Q95M18 ● ● ● 

Fetuin B Q58D62 ●  ● 

Fibronectin P07589 ● ● ● 

Oviduct specific glycoprotein Q28042 ● ● ● 

Prosaposin P26779 ● ● ● 

Serum Albumin P02769 ● ● ● 

Zinc alpha-2-glycoprotein Q3ZCH5 ● ● ● 

Complement C5a F1MY85 ●  ● 

Follistatin P50291  ● ● 

Gelsolin F1N1I6 ● ● ● 

 

CONCLUSIONS 

 The oviduct presents a crucial site for gamete regulation including sperm capacitation, oocyte 

maturation, fertilization and preimplantation development of the early embryo. This study 

represents a comprehensive documentation of the bovine oviductal secretions comparing both ex 

vivo intact oviducts and in vitro oviductal epithelial cells. It is of interest to note that transudation 

from plasma contributes little to the defining characteristics of this luminal microenvironment in 

cattle. The secreted protein profile established for the oviductal fluid in this manuscript forms the 

foundation for future functional studies for both advancing basic understanding and making 

improvements to reproduction technologies in cattle. Our proteomics database will also serve as a 

long-term reference for addressing a variety of questions regarding the bovine oviduct, and seed 

new discoveries and linkages over time; perhaps aspects that we failed to appreciate given the 
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current state of understanding will manifest with parallel advancements to bovine reproductive 

function. Some areas not distinguished by this study are the changes that may occur to the oviductal 

microenvironment with the estrous cycle [16, 121] and microvesicles/exosomes present in the 

oviductal fluid that may deliver proteins to sperm and regulate its functional activation [122, 123]. 

These remain important topics for future investigations towards refining understanding of bovine 

oviductal physiology. 
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CHAPTER 3 

Physiological profile of undifferentiated bovine blastocyst-derived trophoblasts 

Pillai, V. V., Siqueira, L.G., Das, M., Kei, T.G., Siqueira, L.G., Tu, L.N., Herren, A.W., Phinney, 

B. S., Cheong, S.H., Hansen, P.J.,  & Selvaraj, V. (Under review). Physiological profile of 

undifferentiated bovine blastocyst-derived trophoblasts. 
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ABSTRACT 

 Trophectoderm of blastocysts mediate early events in fetal-maternal communication enabling 

implantation and establishment of a functional placenta. Inadequate or impaired developmental 

events linked to trophoblasts directly impact early embryo survival and successful implantation 

during a crucial period that corresponds to a high incidence of pregnancy losses in dairy cows. As 

yet, the molecular basis of bovine trophectoderm development and signaling towards initiation of 

implantation remains poorly understood. In this study, we developed methods for culturing 

undifferentiated bovine blastocyst-derived trophoblasts and used both transcriptomics and 

proteomics in early colonies to categorize and elucidate their functional characteristics. A total of 

9270 transcripts and 1418 proteins were identified and analyzed based on absolute abundance. We 

profiled an extensive list of growth factors, cytokines and other relevant factors that can effectively 

influence paracrine communication in the uterine microenvironment. Functional categorization 

and analysis revealed novel information on structural organization, extracellular matrix 

composition, cell junction and adhesion components, transcription networks, and metabolic 

preferences. Our data showcase the fundamental physiology of bovine trophectoderm and indicate 

hallmarks of the self-renewing undifferentiated state akin to trophoblast stem cells described in 

other species. Functional features uncovered are essential for understanding early events in bovine 

pregnancy towards initiation of implantation. 
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INTRODUCTION 

 During initial steps of embryogenesis, trophoblasts emerge as first to commit to a tissue lineage 

distinct from the inner cell mass of the mammalian blastocyst [1]. Early in embryo development, 

trophoblast functions to support formation of the blastocoel [2], and helps maintain a 

microenvironment suitable for the developing inner cell mass. In progression, trophoblasts perform 

dedicated functions to support survival of the embryo and fetus by establishing the critical 

extraembryonic components of the placenta [3]. 

 Placental development and morphology clearly differ among species particularly due to 

evolutionary pressures that remain poorly understood [4, 5]. The placental interface in cattle is the 

least invasive epitheliochorial type, with villous digitations between fetal and maternal tissues 

restricted to regions of the cotyledons [6, 7]. 

 At the present time, most basic knowledge and progress of trophoblast biology are from studies 

on mice [8] and humans [9], both of which do not entirely represent the distinct morphological and 

functional features of bovine trophoblasts. Unlike mice and humans, the hatched bovine blastocyst 

remains free in the uterine fluid, and trophoblasts enter a phase of rapid proliferation and dramatic 

elongation that allow it to occupy sufficient surface for optimal attachment to maternal caruncles. 

This elongation is observed concomitant with gastrulation starting at gestational day 14, and the 

‘filamentous’ embryo reaches the entire length of both uterine horns by gestational day 18-19 [10]. 

During this period, trophoblasts of the bovine blastocyst are known to produce interferon-, a 

factor that ensures receptivity of the maternal endometrium by preventing a return to ovarian 

cyclicity [11]. Ultimately, trophoblast cells differentiate, an event that is morphologically apparent 

first at the cotyledons, forming binucleate cells, and attaching to the caruncle by fusion with the 

epithelium forming trinucleate cells [12]. Beyond this association, functional differentiation 
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leading to mechanisms of exchange between villous trophoblast and maternal blood is a topic that 

remains to be examined. 

 With interest in understanding physiological changes to the preimplantation embryo, there 

have been several studies examining transcription in the trophectoderm [13-15], in vitro 

trophoblast cultures [16-19], developmental stages of embryo elongation [20, 21], and differences 

attributed to embryo production methods [22-24]. Despite the progress in describing 

transcriptional effects, the core characteristics of the bovine trophectoderm, trophoblast stem cells, 

and knowledge of genes and pathways regulating growth, development and function remain 

rudimentary. In this manuscript, we present the optimization of methods to culture primary 

blastocyst-derived bovine trophoblast colonies, and simultaneously profile the transcriptome and 

whole cell proteome. We delineate these data using an atypical abundance-based functional 

classification for bioinformatics and physiological analysis of perceived relevance. We examine 

both integral components and those secreted into the blastocoel and/or uterine microenvironments. 

With early pregnancy loss being a major concern in dairy cattle [25, 26], our results on 

undifferentiated bovine trophoblast biology and core characteristics of bovine trophoblast stem 

cells represent a broad foundation for functional studies on early pregnancy and initiation of 

implantation in cattle. 

MATERIALS AND METHODS: 

In vitro embryo production 

 Protocol for in vitro production of bovine embryos was as previously described [27]. In brief, 

follicles measuring 2-10 mm were sliced to obtain cumulus oocyte complexes (COCs) from 

ovaries collected at the abattoir (Central Beef Packing Co., Center Hill, FL). COCs with at least 

one complete layer of compact cumulus cells were selected, washed in oocyte collection medium 
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and placed as groups of 10 in 50 μl drops of oocyte maturation medium overlaid with mineral oil. 

The COCs were allowed to mature for 20-22 hours in a humidified atmosphere of 5% CO2 at 

38.5˚C. After maturation COCs were placed as groups of 50/well in 4-well plates containing 425 

μl of In Vitro Fertilization - Tyrode's Albumin Lactate Pyruvate (IVF-TALP) medium (Caisson 

Labs), and 20 μl of 0.25 mM hypotaurine, 25 μM epinephrine and 0.5 mM penicillamine in 0.9% 

NaCl (w/v). Semen from frozen-thawed straws from three bulls was pooled, purified with ISolate® 

[Irvine Scientific; 50% (v/v) and 90% (v/v)], and diluted to a final concentration in the fertilization 

dishes of 1 × 106/ml. Fertilization was allowed to proceed for 8–9 h in a humidified atmosphere of 

5% CO2 at 38.5˚C. After fertilization, putative zygotes were denuded of cumulus cells by vortexing 

in 100 μl hyaluronidase (1000 U/ml in approximately 0.5 ml HEPES-TALP), and cultured in 

groups of 25–30 in 50 μl synthetic oviduct fluid-bovine embryo 2 (SOF-BE2) in a humidified 

atmosphere of 5%, 5%, 90% (v/v) of CO2, O2, and N2 respectively, at 38.5°C. Embryos that 

developed to blastocysts at Day 7 after insemination were used for trophoblast cultures. 

Attachment and growth conditions for primary trophoblast culture 

 Primary culture conditions for in vitro attachment and trophoblast growth were tested using 

zona removed or hatched day 7-8 blastocysts. Zona removal was performed using Pronase® 

protease (0.1%, Sigma). As a base medium for testing different substrates, we used Dulbecco’s 

modified eagle medium and M199 medium (1:1 ratio), containing 15% fetal bovine serum with 

added non-essential amino acids supplement and penicillin-streptomycin. All incubation was 

performed at 37˚C in an atmosphere of 5% CO2. We evaluated the efficacy of coating with gelatin 

(2%, Sigma), poly-L-lysine (0.01%, Sigma), Matrigel® (0.5 mg/cm2, Corning), or growing over 

an irradiated mouse embryonic fibroblast (MEF) feeder layer on blastocyst attachment and 

formation of trophoblast colonies. In conditions that supported trophoblast outgrowths, we also 
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tested the effect of fibroblast growth factor 4 (FGF4; 25 ng/ml, GoldBio), that has been shown to 

promote growth of murine trophoblast stem cells [28]. Outgrowth/colony for each embryo was 

allowed to expand to approximately 1 cm2 before collection for use in experiments. Images were 

acquired using either a DFC365FX camera in M80 stereo or an ICC50HD camera in DMIL 

inverted microscopes (Leica). 

Immunocytochemistry  

 To enable imaging, trophoblast outgrowths were grown on glass coverslips. Trophoblasts were 

fixed with 4% formaldehyde for 15 minutes at room temperature. Fixed cells were then 

permeabilized with 0.1% Triton X-100 in phosphate buffered saline (PBS) for 1 minute and 

blocked using 5% normal goat serum for 30 minutes. Coverslips were subsequently incubated with 

a mouse monoclonal anti-cytokeratin antibody (Cell Signaling Technology; clone C11) or with an 

affinity-purified mouse monoclonal antibody against Caudal type homeobox 2 (CDX2; BioGenex, 

Cat # AM392) for 1 hour. Coverslips were then washed three times using PBS and incubated with 

Alexa Fluor 488 conjugated anti-mouse Fab’ fragments for 30 minutes, washed again with PBS, 

counterstained/mounted with 4’,6-diamidino-2-phenylindole (DAPI) containing Prolong Gold 

reagent (Life Technologies). For staining lipid droplets, fixed trophoblasts were stained with 10 

µg/ml Nile Red (Life Technologies) for 45 minutes followed by washing coverslips and mounting 

as described above. Images were acquired using a Meta 510 confocal microscope (Zeiss). 

Trophoblast transcriptomics 

 Trophoblast colonies were collected, and total RNA was extracted using RNAqueous micro 

kit (Thermo Fisher Scientific) as three independent collections. Integrity was checked using the 

Bioanalyzer 2100 (Agilent Technologies), mRNA was isolated using poly(A) capture, fragmented 

and cDNA library construction was performed using TruSeq stranded total RNA sample 
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preparation kit (Illumina). Samples with unique bar code sequences were pooled for sequencing 

by synthesis to obtain short single reads on a HiSeq4000 (Illumina). Reads were aligned to the 

bovine genome (UMD3.1) [29] using Tophat (version 2.0.9) [30]. Raw count for each gene was 

estimated with BioConductor (EdgeR version 3.18.1), package using BAM files. Differentially 

expressed genes were identified using the DESeq package [31]. Raw p values of multiple tests 

were corrected using false discovery rate [32]. 

Trophoblast proteomics 

 For whole cell proteomics, trophoblast colonies were lysed and directly solubilized using 6 M 

urea in 50mM ammonium bicarbonate. Dithiothreitol (DTT) was added to a final concentration of 

5 mM and samples were incubated for 30 min at 37°C. Subsequently, 20 mM iodoacetamide (IAA) 

was added to a final concentration of 15 mM and incubated for 30 min at room temperature, 

followed by the addition of 20 μL DTT to quench the IAA reaction. Lys-C/trypsin (Promega) was 

used at a 1:25 ratio (enzyme:protein) and incubated at 37°C for four hours. Samples were then 

diluted to <1 M urea by the addition of 50 mM ammonium bicarbonate and digested overnight at 

37°C. The following day, samples were desalted using C18 Macro Spin columns (Nest Group) and 

dried down by vacuum centrifugation. LC separation was done on a Proxeon Easy-nLC II HPLC 

(Thermo Scientific) with a Proxeon nanospray source. The digested peptides were reconstituted in 

2% acetonitrile/0.1% trifluoroacetic acid and 10 μl of each sample was loaded onto a 100 μm x 25 

mm Magic C18 100Å 5U reverse phase trap where they were desalted online before being 

separated on a 75 μm x 150 mm Magic C18 200Å 3U reverse phase column. Peptides were eluted 

using a gradient of 0.1% formic acid and 100% acetonitrile with a flow rate of 300 nL/min. A 120-

min gradient was run with 5% to 35% acetonitrile over 100 min, 35% to 80% acetonitrile over 10 

min, 80% acetonitrile for 2 min, 80% to 5% acetonitrile over 5 min, and finally held at 5% 
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acetonitrile for 5 min. Mass spectra were collected on an Orbitrap Q Exactive mass spectrometer 

(Thermo Fisher Scientific) in a data-dependent mode with one MS precursor scan followed by 15 

MS/MS scans. A dynamic exclusion of 5 sec was used. MS spectra were acquired with a resolution 

of 70,000 and a target of 1 × 106 ions or a maximum injection time of 20 msec. MS/MS spectra 

were acquired with a resolution of 17,500 and a target of 5 × 104 ions or a maximum injection time 

of 250 msec. Peptide fragmentation was performed using higher-energy collision dissociation 

(HCD) with a normalized collision energy (NCE) value of 27. Unassigned charge states as well as 

+1 and ions > +5 were excluded from MS/MS fragmentation. Scaffold (version 4.2.0, Proteome 

Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein 

identifications. 

Bioinformatics 

 The resulting datasets were classified by using gene ontology (GO) terms using PANTHER 

(protein analysis through evolutionary relationships) tool [33]. For integrated functional 

evaluation, the proteins identified were also analyzed using Ingenuity® pathway analysis (IPA, 

Qiagen) to model and interpret biological significance of identified components [34]. For 

evaluation and translation of metabolic pathways, KEGG Orthology and KEGG pathway maps 

were used [35]. All proteins identified through proteomics were also subjected to analysis for 

predicting candidates that are secreted via the classical cell secretory pathway. First, we used 

SignalP v4.1 (http://www.cbs.dtu.dk/services/SignalP/) [36] to examine N-terminal sequence 

motifs directing proteins to the secretory pathway; in tandem, we used TargetP v1.01 

(www.cbs.dtu.dk/services/TargetP) [37] to refine this dataset by removing proteins destined for 

the mitochondria. The resulting list of candidates was further refined using Phobius 

(http://phobius.sbc.su.se/) [38], to eliminate integral membrane proteins that contained 

http://www.cbs.dtu.dk/services/SignalP/
http://phobius.sbc.su.se/
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transmembrane regions. In this overall analysis, candidate genes and proteins were considered 

secreted if they contained an N-terminal secretory sequence, did not traffic to the mitochondria, 

and lacked transmembrane regions.  

RESULTS AND DISCUSSION 

 Trophectoderm development during preimplantation stages is represented by a series of 

functional transitions concurrent with patterning of the embryo [reviewed in [39]]. In ungulates, 

rapid trophoblast proliferation during the period of embryo elongation is a striking feature that 

indicates that growth and patterning are regulated differently compared to other well studied 

species like mice and humans. As undifferentiated trophoblasts self-renew and are sustained for 

regulated spatial and temporal differentiation to different components of the placenta, the term 

trophoblast stem cells has been used to describe in vitro cultures maintained in such a state [28]. 

Although bovine trophoblast cell lines, CT-1 and CT-5 [40], and BT-1 [41] have been established, 

detailed profiling for defining trophectodermal features have not been performed for this species. 

In this study we describe the core characteristics of early stage blastocyst-derived trophoblasts that 

are of functional significance and describe hallmarks for the bovine self-renewing undifferentiated 

state. 

MEFs support bovine trophoblast attachment and growth 

 In vitro produced day-7 zona-free bovine blastocysts were used to determine conditions that 

would support attachment and establishment of blastocyst-derived trophoblast colonies. 

Attachment and colony formation failed when gelatin, poly-L-lysine, or Matrigel® were used as 

surface treatments; use of a layer of MEFs resulted in high levels of attachment and colony 

formation (Table 3.1, Figure 3.1). Blastocysts attached in 1-2 days and formed outgrowths which 

developed into ~1 cm2 colonies by 15 days. Addition of FGF4 did not have an effect on blastocyst  
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Table 3.1. Blastocyst attachment and trophoblast colony formation on different surfaces 

 

Surface # of embryos Attached Colonies % Attached % Colonies 

Gelatin 21 3 0 14.28 0 

Poly-L-lysine 23 2 0 8.69 0 

Matrigel 19 4 0 21.05 0 

MEFs 20 17 16 85 94.11 

MEFs + FGF4 18 15 14 83.33 93.33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1. Mouse embryonic fibroblasts support attachment and growth of bovine blastocyst-

derived trophoblasts. (A) Poly-l-lysine coated surfaces did not support bovine blastocyst attachment and 

trophoblast outgrowths. Of the blastocysts that attached, cells failed to expand and rapidly disintegrated. 
(B) Irradiated mouse embryonic fibroblast feeders (MEFs) allowed for blastocyst attachment and 

proliferation of the trophectoderm leading to colony formation. (C) Trophoblast colonies grew with limited 

basal attachments as sheets and formed numerous surface outpocketings over time. (D) Proliferating 
trophoblast cells formed a characteristic polygonal cell sheet with prominent cell adhesions and resolvable 

cytoplasmic elements within. (E) As a result of pinch offs from surface outpocketings, fluid-filled hollow 

trophoblast spheres analogous to the blastocyst-trophectoderm organization were frequently released from 

trophoblast colonies in culture. 
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attachment and/or trophoblast colony formation; there was also no appreciable difference in colony 

size with and without FGF4 (not shown). Previous studies have demonstrated that FGF4 cannot 

be detected in MEF conditioned medium [42].  

 The resulting colonies on MEFs grew as sheets of proliferating cells with prominent cell 

adhesions and maintained minimal basal adhesions with tethering obvious toward the colony 

edges. Over time, trophoblast cultures showed numerous surface outpocketings and release of 

hollow trophoblast cysts homologous to the blastocyst-trophectoderm organization, called 

trophoblast vesicles or “trophocysts”. Such 3-dimensional organization has been described for 

trophoblast stem cells from mice [43-45], primates [46], and human [47, 48]. In the bovine 

preimplantation embryo, this characteristic persists through elongation and has been previously 

demonstrated in vitro [49]. The underlying reason could be that tight junctions between early 

trophectodermal cells present a diffusion barrier that allows for accumulation of fluid, a process 

similar to the formation of a blastocoel [2, 50]. Therefore, our early trophoblast cultures present 

characteristics of the trophectoderm. Trophocyst formation was also reported in feeder free BT-1 

cell line cultures [41], indicating that certain characteristics can also be retained in long-

term/immortalized trophoblast cultures.  

Morphology and functional characteristics of bovine trophoblasts in culture 

 Sheets of blastocyst-derived trophoblast colonies on MEFs were formed of tightly packed cells 

with prominent cell adhesions and cytoskeletal elements. All cells in these trophoblast colonies 

were positive for CDX2, a core transcription factor responsible for trophectodermal development, 

and trophoblast stem cell self-renewal [51, 52] (Figure 3.2A-B). CDX2 overexpression of CDX2 

in murine embryonic stem cells (ESCs) also forced their functional conversion to trophoblast stem 

cells [53]. Cytoskeletal organization in trophoblasts showed a consistent pattern indicated by the  



87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2. Cultured bovine blastocyst-derived trophoblast colonies retain form and function of the 
trophectoderm. (A-B) Trophoblast colonies were positive for CDX2, a transcription factor considered a 

marker for this lineage, and is known to play an important role in trophectoderm development. (C-D) 

Trophoblast colonies also showed existence of a complex network of cytokeratin, an arrangement that 
enables the trophectoderm to resist mechanical stress. (E-G) Cytoplasmic lipid droplets in the blastocyst-

tropectodermal layer are abundant (stained by Nile Red), and indicative of cellular homeostasis linked to 

energy storage and lipid metabolism. (H-J) Lipid droplets were also prominent in cultured trophoblast 

colonies indicating maintenance of metabolic properties. For all panels, cell nuclei are counterstained with 
DAPI.  

 

framework of cytokeratin (Figure 3.2C-D). Prominent cytoplasmic lipid droplets were also 

observed in cultured trophoblasts indicating maintenance of metabolic properties similar to the 

bovine blastocyst trophectodermal layer that also shows cytoplasmic lipid droplets (Figure 3.2E-

J). These trophoblasts also expressed interferon- (IFNT; discussed below). Therefore, trophocysts 

that emerge from these colonies could be functionally comparable to trophoblast vesicles derived 
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from elongating bovine blastocysts that could maintain the corpus luteum after uterine transfer to 

cyclic cows [54]. 

Trophoblast transcriptomics validated similarities to blastocyst-trophectoderm 

 RNA sequencing was performed to generate the transcriptome profile of in vitro cultured 

blastocyst-derived trophoblasts and was compared to the transcriptome of day-7 blastocysts. 

Consistency in gene expression profiles were confirmed across three independently generated 

trophoblast colonies, with a distinct clustering pattern when compared to day-7 blastocysts (Figure 

3.3A-B). On comparing gene expression of trophoblast colonies with day-7 blastocysts, 

trophoblast specific genes were expressed with high fidelity, and expression levels indicated an 

upregulation; concurrently, pluripotency genes mostly associated with the inner cell mass were 

downregulated (Figure 3.3C). Comparison of transcription factors expressed in trophoblast stem 

cells as reported for mice and humans [28, 55, 56], showed consistencies and some deviations 

(Figure 3.3D). Expression of CDX2, ELF5, ID2, KLF5, ESRRB and TFAP2C considered critical 

transcription factors for trophoblast stem cells were expressed in a pattern similar to the day-7 

blastocyst. A primary deviation was that EOMES, also considered critical was not expressed; we 

believe that this is a species-specific difference because expression of EOMES was also not 

observed in day-7 blastocysts (Figure 3.3D). Lack of EOMES expression in bovine blastocysts was 

also indicated in previous studies [13, 57]. Two additional distinctions were: GCM1, considered a 

transcriptional indication of differentiation to syncytiotrophoblasts [58-61], was expressed in day-

7 blastocysts but not in blastocyst-derived trophoblasts. HAND1, considered a transcription factor 

that promotes differentiation to trophoblast giant cells [62, 63], was expressed in blastocyst-

derived trophoblasts but not in day-7 blastocysts (Figure 3.3D). Expression of HAND1 without  
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Figure 3.3. Homogeneity within cultured bovine blastocyst-derived trophoblast colonies and 
trophoblast stem cells. (A) Multidimensional scaling plot of blastocyst (n=4) and trophoblast (n=3) 

transcriptome datasets indicate similarity in gene expression profiles within biological replicates. (B) 

Unsupervised hierarchical clustering based on global gene expression show distinct clustering of blastocyst 
and trophoblast colony datasets. (C) Heat map representation highlighting similarities and distinctions in 

gene expression by trophoblast colonies compared to blastocysts. In trophoblast colonies, expression of 

pluripotency related genes was low, and trophoblast specific genes were similar or higher than blastocysts. 
Gene expression for a variety of housekeeping genes were similar between trophoblasts and blastocysts. 

(D) Expression of transcription factors that define trophoblast stem cells as reported for mice and humans, 

correlating day-7 blastocysts and blastocyst-derived trophoblasts (mean ± SEM). 
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GCM1 in the blastocyst-derived trophoblasts, and expression of GCM1 only in the day-7 blastocyst 

not only present a functional contradiction based on knowledge of stemness and differentiation in 

other species [63, 64], but also indicate that transcriptional regulation at the bovine blastocyst 

trophectoderm and the resulting trophoblast stem cells have species-specific distinctions. 

Trophoblast proteome showed overrepresentation of structural proteins 

 Whole cell proteomics detected only 1418 proteins (15.3% of the transcriptome) (Figure 3.4A). 

Upon analysis we detected that skewed high abundance of structural elements (41.9% of proteins 

identified) might have masked the identification of low abundant proteins (Figure 3.4B-C). This 

indicated that whole cell proteomics was not fully representative of the entire functional features 

of these cells. Of the 1418 proteins, 68 were identified as secreted (Figure 3.4D). We are not 

discussing these separately as most were also identified in the transcriptome. Notably, expression 

of trophoblast Kunitz-domain proteins (TKDPs) and pregnancy associated glycoproteins (PAGs) 

were prominent secreted elements identified in the proteomics. Full lists of proteins identified are 

provided as raw data in mzML and Scaffold results are available from the MassIVE proteomics 

repository (MSV000083135). 

Quantitative classification of trophoblast transcriptomics established prominent functional 

elements  

 Gene expression data from the trophoblast transcriptome were first filtered by selecting only 

transcripts that had FPKM>1 and eliminating ultra-low expression and false-positives (Figure 

3.5AThe resulting 9240 transcripts were then grouped into very high expression (VHE), high 

expression (HE), medium expression (ME), and low expression (LE) categories by delineating the 

distribution of absolute expression into four quartiles (Figure 3.5B). This approach allowed for 

both combined and quantitatively separated analyses to provide varied thresholds in refining this 
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Figure 3.4. Whole cell proteomics indicated an overabundance of structural proteins in bovine 
blastocyst-derived trophoblasts.  (A) Comparison of total proteins identified with the total transcripts 

sequenced in blastocyst-derived trophoblasts. (B-C) Euler diagram and dot plot of spectra counts showing 

the disproportionate abundance of structural proteins in the proteomics dataset. (D) Subcellular 
classification of proteins identified in the trophoblast proteome after filtration using the algorithm to 

identifying secreted proteins. 

 

dataset. Gene ontology classification grouped major components identified in the transcriptomics 

dataset (Figure 3.5C). The functional categories of relevance are highlighted below; the complete 

RNA-seq datasets are available through NCBI GSE (GSE122418). 
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Figure 3.5. Quantitative classification of gene expression 

and enrichment analysis based on gene ontology terms 

in bovine blastocyst-derived trophoblasts. (A) Density 

histograms of gene expression levels from RNA Seq 
analysis of trophoblast cells before and after filtering for 

FPKM>1 threshold. (B) Classification of transcriptome into 

expression-based quartiles for functional analyses. Genes 

were classified based on FPKM into very highly expressed 
(VHE), Highly expressed (HE), moderately expressed (ME) 

and low expressed (LE) groups. (C) Gene ontology analysis 

of the trophoblast transcriptome identified the core enriched 
terms within the molecular function category. 

 

 

 

 

 

 

 

 

Growth factors, cytokines and other secreted factors  

 Table 3.2 shows the complete list of GO: Growth factors and Cytokines together with other 

known factors of functional relevance in blastocyst-derived trophoblasts. The TKDPs constitute a 

placenta-specific family of proteins that exist only in ruminant ungulates and are expressed for 

short periods of time in the preimplantation embryo [65].  
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Table 3.2. Transcriptome: Growth factors, cytokines and other relevant secreted factors in 

blastocyst-derived trophoblasts 

Growth factors/Cytokines/Other relevant factors Average FPKM 

  VHE 

TKDP4 Trophoblast Kunitz domain protein 4 5879.681 

PAG2 Pregnancy-associated glycoprotein 2 5340.843 

PAG11 Pregnancy-associated glycoprotein 11 3901.463 

IFNT3 Interferon tau 3 800.567 

PAG12 Pregnancy-associated glycoprotein 12 794.326 

PAG8 Pregnancy-associated glycoprotein 8 769.677 

SPP1 Secreted phosphoprotein 1 708.087 

CYR61 Cysteine-rich, angiogenic inducer, 61 527.218 

CTGF Connective tissue growth factor 425.627 

GMFB Glia maturation factor, beta 250.449 

CXCL16 Chemokine (C-X-C motif) ligand 16 151.107 

FGF1 Fibroblast growth factor 1 (acidic) 149.667 

FAM3C Family with sequence similarity 3-Member C 146.526 

HBEGF Heparin-binding EGF-like growth factor 145.107 

HDGF Hepatoma-derived growth factor 145.107 

IK IK Cytokine, Down-Regulator of HLA II 142.052 

VEGFA Vascular endothelial growth factor A 140.909 

NAMPT 

 

Nicotinamide phosphoribosyltransferase 

 

106.562 

 

  HE 

TIMP1 TIMP metallopeptidase inhibitor 1 80.916 

MYDGF Myeloid-derived growth factor 70.563 

BMP2 Bone morphogenetic protein 2 66.051 

IL33 Interleukin 33 54.489 

PDGFB Platelet derived growth factor subunit B 54.114 

TKDP2 Trophoblast Kunitz domain protein 2 50.889 

MIF Macrophage migration inhibitory factor  43.545 

PDGFA Platelet derived growth factor subunit A 40.375 

IL18 

 

Interleukin 18 

 

39.346 

 

  ME 

VEGFB Vascular endothelial growth factor B 33.393 

IFNW1 Interferon, omega 1 32.359 

JAG1 Jagged 1 29.009 

FGF2 Fibroblast growth factor 2 (basic) 28.059 
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MDK Midkine  27.045 

IFNT2 Interferon tau 2 24.495 

IL6 Interleukin 6 24.447 

OSGIN1 Oxidative stress induced growth inhibitor 1 23.132 

CCL2 Chemokine (C-C motif) ligand 2 23.115 

TGFB1 Transforming growth factor beta 1 21.147 

TNFSF12 Tumor necrosis factor superfamily member 12 19.427 

PTN Pleiotrophin 17.551 

PAG7 Pregnancy-associated glycoprotein 7 17.383 

TGFB2 Transforming growth factor beta 2 15.552 

BMP4 

 

Bone morphogenetic protein 4 

 

15.330 

 

 

TKDP4, the only TKDP with high proteinase inhibitory activity [66] was among the VHE group 

in blastocyst-derived trophoblasts. The PAGs represent a diverse family of proteins expressed 

exclusively by trophoblasts in patterns that vary with differentiation [67-70]. PAG2, PAG11, 

PAG12, and PAG8 were among the VHE group in blastocyst-derived trophoblasts. Similarly, 

interferon- 3 (IFNT3), a factor that ensures receptivity of the maternal endometrium by 

preventing a return to ovarian cyclicity [11, 71] was also in the VHE group in blastocyst-derived 

trophoblasts. The secreted factors also contained a variety of specific receptor ligands. This list 

included factors such as PDGF (HE), FGF2 (ME), and IL6 (ME) that have been demonstrated to 

be important for maintaining pluripotency in other species [72-75], and others such as FGF1 

(VHE), HDGF (VHE), VEGF(VHE), FGF2 (ME), and BMP4 (ME) that are known to differentiate 

cells to specific lineages.   

Structural elements  

 Table 3.3 shows selected list for GO: Cytoskeletal elements in blastocyst-derived trophoblasts. 

In addition to the actin and tubulin functional cytoskeletal network and associated proteins that 

maintain the dynamic state and vesicle/organelle transport, there was prominent presence of 
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intermediate filaments, particularly cytokeratins which help these cells resist mechanical stress. 

Different cytokeratins have been reported in trophoblasts across different species [76, 77].  

Table 3.3. Transcriptome: Elements of structural organization in blastocyst-derived 

trophoblasts 

Cytoskeletal elements 

ARPC Actin-related protein 2/3 complex (1B, 1B, 3, 4, 5, 5L) 

ADD Adducin (1, 3) 

ACTN Alpha-actinin (1, 4) 

CNN Calponin (2, 3) 

CFL Cofilin (1, 2) 

CORO Coronin (1B, 1C, 7) 

DSTN Destrin 

DNM Dynamin (1L, 2) 

DYN Dynein (C1H1, C1I2, C1LI1, C1LI2, LL1, LL2, LRB1, LT1, LT3) 

EZR Ezrin 

CAPZ F-actin-capping protein (A1, A2, B) 

FLN Filamin (A, B, C) 

GSN Gelsolin 

KRT Keratin (8, 7, 15, 16, 18, 19) 

KIF Kinesin (11, 15, 1C, 20A, 20B, 22, 23, 2A, 2C, 3A, 4A, 5B, 5C, C1) 

LMN Lamin (A, B1, B2) 

MSN Moesin 

MYL Myosin light polypeptide (6, 9, 12B) 

PKP Plakophilin (2, 3, 4) 

PLS Plastin (1, 3) 

RDX Radixin 

SDC1 Syndecan 1 

TES Testin 

TAGLN Transgelin (1, 2) 

TMOD Tropomodulin  

TPM Tropomyosin (1, 3) 

TUB Tubulin (A1C, B2B, 4B) 

MYO Unconventional myosin (6, 9b, 10, 19, 1b, 1c) 

ZYX 

 

Zyxin 
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There was also presence of a functional cohort of contractile elements such as myosin, 

tropomyosin, and associated proteins. We speculate that contractions that occur during blastocyst 

hatching might be a myosin-driven feature. Presence of myosin has been previously reported in 

murine trophoblasts, and hypothesized to be associated with controlling invasion during 

implantation [78]. Trophoblasts also expressed Ezrin-Radixin-Moesin (ERM) proteins that are 

known to organize signaling beneath the cell surface interfacing the extracellular environment and 

the cytoplasm [79]. Specific elements such as plakophilin [80], and testin [81] that anchor focal 

adhesions to the cytoskeleton were also detected.  

Extracellular organization  

 Table 3.4 and 3.5 show selected lists for GO: Extracellular matrix components and GO: Cell 

junction and adhesion components respectively. Three major extracellular components 

(fibronectin, laminin and collagen) that are also associated with a basement membrane were 

detected in blastocyst-derived trophoblasts. Previous studies have demonstrated that the above 

three play a role in adhesion and migration of cells [82, 83]. Cell junctions were prominent with 

tight junctions (cadherins and claudins), gap junctions (gap junction beta 2, 6), signal triggers 

(integrins) and other stabilizing components. The existence of gap junction proteins in trophoblasts 

have been reported in rats [84] and humans [85]; this indicates that cells of the trophectoderm 

communicate and can function as a syncytium. Beyond communication, it has been demonstrated 

in human trophoblasts that a protein kinase A-ezrin-gap junction alpha 1 signaling complex 

controls trophoblast fusion [86]. In human trophoblasts, ezrin and E-cadherin expression were 

modulated by cytokines IL-1ß and TGF-ß1 [87]. A vast array of integrins that are expressed 

indicate signaling via ligand occupancy or by clustering alone [88, 89]. Integrin expression and its 

regulation have been studied in human trophoblasts [90, 91], and changes to the integrin profile 
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has been observed during trophoblast invasion [92]. Integrins have also been detected in bovine 

trophoblasts of the placentome suggesting a role in functional attachment [93].  

Table 3.4. Transcriptome: Extracellular matrix components produced by blastocyst-

derived trophoblasts 

Extracellular matrix components 

AP1 Ap-1 complex subunit MU-2 

ATRN Attractin 

BGN Biglycan 

COL1A1 Collagen alpha 1 

CRTAP Cartilage-associated protein 

DCBLD2 Discoidin, cub domain-containing protein 2 

EMILIN2 Emilin 2 

FN1 Fibronectin 1 

LAMB Laminin subunit beta (1, 2, 3) 

LTBP Latent-transforming growth factor beta-binding protein (1, 2, 3) 

MFAP3 Microfibril-associated glycoprotein 3 

MFGE8 Lactadherin 

MGP Matrix gla protein 

SDC1 Syndecan-1 

SEPP1 

 

Selenoprotein P 

 

 

Table 3.5. Transcriptome: Cell junction and adhesion components produced by blastocyst-

derived trophoblasts 

Cell junction components 

CDH1 Cadherin 1 

CDK5RAP2 Cdk5 regulatory subunit-associated protein 2  

CGN Cingulin 

CLDN Claudin 1, 4, 6, 7 

DLG5 Disks large homolog 5  

DSG Desmoglein 2, 3 

FBLIM1 Filamin-binding lim protein 1  

GJB Gap junction beta 2, 6 protein 

LPP Lipoma-preferred partner  

MPP1 55 KDa erythrocyte membrane protein 

PARD6B Partitioning defective 6 homolog beta  
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PCDH1 Protocadherin 1  

PDZD11 PDZ domain-containing protein 11 

TJP2 

 

Tight junction protein ZO 2  

 

Cell adhesion components 

CD CD 9, 46, 47, 55, 63, 81, 99, 151, 166 

DAF Complement decay-accelerating factor 

CHL1 Neural cell adhesion molecule L1 like 

ITG Integrin (Alpha 2, 3, 5, 6, 10, V; Beta 1, 2, 3, 4, 5, 6, 7) 

LGALS3 Galectin 3 

LGALSL Galectin related protein 

MFGE8 Lactadherin; ortholog 

PCDH1 Protocadherin 1 

SDC1 Syndecan 1 

SYMPK Symplekin 

TSPAN1 

 

Tetraspanin 1, 14, 31 

 

 

Metabolic profile 

 For this analysis, we examined for enrichment of specific elements in the different energy-

generation systems (Table 3.6). Importance of energy metabolism and changes to metabolic state 

that occur during differentiation has been highlighted in studies on human trophoblasts [94-96]. 

Although our data do not quantitate the order of functional prominence in blastocyst-derived 

trophoblasts, they highlight the breadth of possibilities for metabolic functions. First, we find that 

GLUT3 (SLC2A3) is the predominant glucose transporter in bovine trophoblasts with low to very 

low expression of GLUT1 (SLC2A1) and GLUT5 (SLC2A5). Initially identified as the neuronal 

glucose transporter, GLUT3 is known to be highly expressed in neurons and has been classically 

considered as insulin insensitive [97, 98], meaning that they do not require insulin for translocation 

to the plasma membrane. GLUT1 is consistently insulin sensitive [99]. GLUT3 has higher affinity 

for glucose than GLUT1 and at least a 5-fold greater glucose transport capacity [100]. This raises 

an interesting possibility that glucose uptake in trophoblasts may not be insulin-dependent. 

Glycolysis and gluconeogenesis were also active in trophoblasts suggesting that glucose utilization 
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is an active process in these cells. Full representation of galactose metabolism feeding into 

glycolysis and pentose phosphate pathway was also observed. Second, candidates associated with 

lipid synthesis, transport, storage and metabolism were enriched in blastocyst-derived 

trophoblasts. Fatty acid synthase (FASN), scavenger receptor CD36, and low-density lipoprotein 

receptor (LDLR) were in the VHE group. Substantial fatty acid synthesis and release has been 

previously reported in human trophoblasts [101]. The phenotype of the trophectoderm and 

blastocyst-derived trophoblast cells show abundant lipid droplets (Fig 2) indicating that lipid 

accumulation could be a primary reserve for energy metabolism in these cells. There was also 

indication for active cholesterol synthesis with HMGCR in the VHE group, and the ability to 

generate pregnenolone (CYP11A1), but subsequent conversion to progesterone and estradiol. 

Third, all elements for TCA cycle and mitochondrial oxidative phosphorylation were also 

expressed in trophoblasts. In vivo, glucose and oxygen availability in the uterine fluid could be 

determinants of preimplantation metabolic status of the trophectoderm. Based on studies 

performed using human trophoblasts, metabolic adaptations can be quite distinct during 

trophoblast differentiation [94]. 

Table 3.6. Transcriptome: Metabolism in blastocyst-derived trophoblasts 

 

Pathway 
Fold 

enrichment 
VHE HE ME LE          P value 

Galactose metabolism 2.78 9 3 1 4  6.01E-04 

Cysteine and methionine metabolism 2.10 9 9 2 2  0.014266 

Amino & nucleotide sugar metabolism 1.66 13 12 7 5  0.002746 

Pentose phosphate pathway 1.65 10 3 3 4  0.022524 

Citrate cycle (TCA cycle) 1.58 22 3 1 0  3.83E-13 

Sphingolipid metabolism 1.46 11 7 2 7  0.045341 

Glutathione metabolism 1.38 14 6 6 7  0.046272 

Pyruvate metabolism 1.32 13 2 6 3  1.35E-04 

Oxidative phosphorylation 1.32 44 28 11 2  1.10E-07 

Fatty acid metabolism 1.29 11 5 5 5  0.007252 

Arginine and proline metabolism 1.27 17 0 0 0  0.024947 

Glycolysis / Gluconeogenesis 1.27 20 4 5 8  2.34E-05 
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Transcriptional profile  

 For this analysis, we generated a full list of transcription regulators present in bovine 

blastocyst-derived trophoblasts and then modeled the pathways that they represent (Table 3.7). 

Basic leucine zipper domain (bZIP) forms a large cohort of transcription factors with numerous 

downstream functions. It was observed as a prominent pathway as it encompasses numerous 

factors with diverse functions. For example, bZIP transcription factors ATF1 and cAMP response 

element binding (CREB) factor were found critical for blastocyst formation and survival in mice 

[102]; the same factors induce human chorionic gonadotrophin expression in human trophoblasts 

[103, 104]. Activin ß signaling, primarily through SMADs was observed. In murine trophoblast 

stem cells, activin signaling has been reported to maintain self-renewal [105]. SMADs are also the 

main signal transducers for the TGFß signaling pathway [106]. The Toll gene in Drosophila is one 

of the key genes determining the developmental body plan [107]. It was subsequently rediscovered 

for its role in immunity, and mammalian Toll-like receptors are well studied in the context of 

pathogen defense [108]. In murine trophoblast stem cells, TLRs 1-6 were found to be expressed 

[109]. We find TLR2, TLR3 and TLR6 expressed in bovine blastocyst-derived trophoblasts. 

Although innate immune functions relevant to invasive placentas have been suggested [110], 

presence in the bovine trophectoderm remains to be functionally examined. Active synthesis of 

ribosomal RNA (rRNA) was indicated by the enrichment of RNA polymerase I, perhaps an 

indication of proliferation. In other cell systems, increases in rRNA transcription increased 

proliferation and vice versa [111, 112].  
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 We also observed that JAK/STAT signaling pathway [113] was active with expression of 

STAT1, STAT2 and STAT3. In human trophoblasts, STAT signaling has been demonstrated to be 

involved in invasive differentiation [114, 115]. In murine trophoblasts, leukemia inhibitory factor  

Table 3.7. Transcriptome: Pathways representing the transcription factor profile of 

trophoblasts 

Pathway 
Fold 

enrichment 
VHE HE ME LE       P value 

Transcription regulation by bZIP 15.88 5 8 14 5 5.11E-31 

Activin beta signaling pathway  15.36 2 0 0 1 2.41E-02 

General transcription by RNA 

polymerase I  
14.93 0 2 5 3 

4.05E-07 

JAK/STAT signaling pathway  10.75 1 2 3 1 1.83E-04 

p53 pathway feedback loops 2  4.89 3 3 2 2 8.45E-03 

Toll receptor signaling pathway  4.69 2 7 1 1 5.22E-03 

Gonadotropin-releasing hormone 

receptor pathway  
4.67 8 14 7 12 

4.36E-15 

PDGF signaling pathway  4.6 4 8 7 5 4.88E-08 

TGF-beta signaling pathway  4.27 5 7 1 2 1.50E-04 

Apoptosis signaling pathway  4.01 2 10 2 3 4.51E-05 

Wnt signaling pathway  3.57 15 8 9 5 1.16E-09 

Interleukin signaling pathway 3.47 2 2 5 2 3.91E-02 

 

(LIF) mediated STAT3 signaling was found important for placental development and implantation 

[116-118]. Upstream, the major effects resulting from deletion of interleukin 6 signal transducer 

(IL6ST or gp130), a shared co-receptor for IL6 cytokines including LIF, are abnormal placental 

development and lethality [119]. Deletion of STAT3 results in much earlier lethality [120], as it is 

a broad downstream effector beyond LIF/IL6 signaling. PDGF signaling pathway as observed in 

bovine blastocyst-derived trophoblasts is also known to signal downstream via STAT [121]. 

Previous work on bovine embryos suggest beneficial effect for PDGF to bovine blastocyst 

development [122, 123]. STATs are also downstream of interleukin signaling, as noted above for 

IL6-type cytokines [124]. The p53 pathway that responds to genomic stress due to fidelity of DNA 
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replication was also enriched in bovine blastocyst-derived trophoblasts. The p53-induced positive 

feedback loop promotes cell survival [125]; this circuit communicates with other signaling 

pathways including WNT and apoptosis. Signaling in response to WNT has been implicated in 

expression of endogenous retrovirus-derived transcripts in bovine placentas [126]. In human 

trophoblasts, WNT5a has been demonstrated to be critical for promoting proliferation and survival 

[127]. Signals for apoptosis converge from multiple survival and lack/deficiency of developmental 

factors. Enrichment of gonadotropin-releasing hormone (GnRH) receptor pathway was evident in 

the blastocyst-derived trophoblasts. GnRH has been observed in human placentas throughout 

gestation [128, 129], and distinct from pituitary gonadotrophs, GnRH receptor is also present in 

human placentas [130, 131]. Functionally, GnRH receptor signaling has been reported to induce 

trophoblast invasion [132]. There are no previous reports on GnRH receptor and associated 

functions for bovine trophoblasts. 

CONCLUSIONS 

 Understanding the bovine trophectoderm helps interpret important developmental functions 

leading to pregnancy success in cattle. This study represents a comprehensive examination of 

functional and defining characteristics of bovine blastocyst-derived trophoblasts interpreted with 

the current state of understanding. Our results and databases provide a timeless 

foundation/reference for future functional studies for both advancing basic science and towards 

making improvements to cattle reproduction technologies. 
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CHAPTER 4 

Transforming growth factor-β1 induced activation of Rho-kinase pathways 

regulate bovine trophoblast differentiation 

Pillai, V. V., Das, M., Kei, T. G., Harper, L., Siqueira, L.G., Cheong, S.H., Hansen, P.J., & 

Selvaraj, V. (In preparation). Transforming growth factor-β1 induced activation of Rho-Kinase 

pathways regulate bovine trophoblast differentiation 
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ABSTRACT 

 Trophectodermal cells of blastocysts develop to generate the matrotrophic interface between 

the uterine epithelium and embryo. Pre-implantation development of the bovine embryo is 

characterized by a phase of rapid undifferentiated proliferation of trophoblast cells resulting in an 

elongated conceptus. Implantation corresponds to end of the elongation phase that leads to 

functional and structural differentiation of some mononucleate trophoblast cells (MTCs) into 

binucleate cells (BNCs). With the least invasive epitheliochorial placentation, implantation is 

thought to be achieved by adhesion and subsequent fusion of these BNCs to the uterine caruncular 

epithelial cells. However, the molecular mechanisms driving early undifferentiated expansion of 

MTCs, their subsequent differentiation into BNCs and events leading to implantation remain 

poorly understood. Using both shotgun proteomics and transcriptome sequencing we identified 

Rho-GTPase signaling as an overrepresented pathway in bovine blastocyst-derived trophoblast 

cells. Inhibition of RhoA-Rho kinase signaling using Rho inhibitor C3 transferase and Rho-kinase 

(ROCK) inhibitor Y27632 revealed its critical role in regulation of undifferentiated MTC 

proliferation. Investigating upstream mechanisms led to identification of transforming growth 

factor-β (TGFβ) as an activator of Rho-kinase in MTCs. Treatment with SB431542, a type I TGFβ 

receptor inhibitor, significantly increased MTC proliferation, identical to ROCK inhibition. 

Conversely, treatment with recombinant TGF-β1 resulted in significant reduction of MTC 

proliferation and induced morphological and functional differentiation into BNCs. This study 

provides evidence supporting the role of TGFβ1-RhoA-ROCK signaling axis in directing bovine 

trophoblast proliferation and differentiation, and advances understanding of implantation in cattle. 
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INTRODUCTION 

 The first cell differentiation event in mammalian development is the establishment of the inner 

cell mass and the trophoblast cells at the blastocyst stage [1]. Development of the embryo up to 

the blastocyst stage appears to be conserved across mammalian species, however after the 

blastocyst stage, the bovine embryo, unlike rodents and primates doesn’t undergo immediate 

implantation. Instead, the embryo enters a rapid proliferative phase, elongating dramatically, 

occupying the entire length of both uterine horns by gestational day 18-19 [2], allowing it to 

acquire sufficient surface for optimal attachment to maternal caruncles. Ultimately, trophoblast 

cells are known to differentiate to form BNCs, an event that is morphologically apparent at the 

cotyledons, and attaching to the caruncle by fusion with the uterine epithelium forming trinucleate 

cells [3]. Surprisingly, despite years of understanding of these apparent morphological events, the 

exact mechanisms or molecular pathways regulating either trophoblast proliferation or 

differentiation into BNCs remains still elusive. Technical difficulties working with large animal in 

vivo systems and lack of suitable in vitro culture models have further challenged the already slow 

advancements in this area. 

In a previous study, we described optimized methods to culture primary blastocyst-derived 

bovine trophoblast colonies, and simultaneously profiled the transcriptome and whole cell 

proteome of these cells, providing a foundation for molecular studies on early pregnancy and 

initiation of implantation in cattle [4]. Based on functional analysis of this transcriptome and 

proteome datasets, in this manuscript, we report the identification of signaling mechanisms 

mediated through RhoGTPases that regulates early trophoblast development in cows. 

RhoGTPases are a distinct family of proteins that act as molecular switches in intracellular 

signal transduction pathways, cycling between an active GTP-bound state and an inactive GDP-
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bound state [5]. Activated GTP-bound Rho proteins can transduce signals to downstream 

effector proteins, controlling and regulating numerous cellular functions [6]. Rho proteins 

(RhoA, RhoB, and RhoC) are the best characterized members of this family, which along with the 

key effector Rho associated coiled coil kinase (ROCK) [7, 8], modulates a diversity of cellular 

processes including regulation of change in cell shape, cell adhesion and migration, contraction, 

cytokinesis and differentiation [9, 10]. Previous studies suggests that inhibition of Rho kinase 

pathway arrests differentiation and enhances proliferation of different cell types including human 

embryonic stem cells/ induced pluripotent stem cells [11] and keratinocytes [12, 13].  

 In this study, we examined the hypothesis that Rho signaling plays a role in bovine trophoblast 

proliferation and differentiation. We report that inhibition of endogenous RhoA/ROCK signaling 

is sufficient to significantly enhance the proliferation of bovine blastocyst derived trophoblast cells 

whereas increased RhoA/ROCK activity results in diminished proliferation rates and induce the 

formation of BNCs, suggestive of differentiation. By analysis of RNA seq data of ROCK inhibited 

cells, we identified that RhoA/ROCK signaling is in turn dictated by the upstream activation of 

TGFβ signaling by occupation of TGFβ1 to its receptors. Our results suggest the existence of a 

TGFβ1-RhoA-ROCK signaling axis which modulates trophoblast elongation and implantation in 

cattle. 

MATERIALS AND METHODS: 

Reagents and supplies 

 All reagents were purchased from Sigma-Aldrich (St Louis, MO), unless otherwise noted. 

In vitro embryo production 

 Protocol for in vitro production of bovine embryos was as previously described [14]. In brief, 

follicles measuring 2-10 mm were sliced to obtain cumulus oocyte complexes (COCs) from 
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ovaries collected at the abattoir (Central Beef Packing Co., Center Hill, FL). COCs with at least 

one complete layer of compact cumulus cells were selected, washed in oocyte collection medium 

and placed as groups of 10 in 50 μl drops of oocyte maturation medium overlaid with mineral oil. 

The COCs were matured for 20-22 hours in a humidified atmosphere of 5% CO2 at 38.5˚C. After 

maturation COCs were placed as groups of 50/well in 4-well plates containing 425 μl of In Vitro 

Fertilization - Tyrode's Albumin Lactate Pyruvate (IVF-TALP) medium (Caisson Labs), and 20 

μl of 0.25 mM hypotaurine, 25 μM epinephrine and 0.5 mM penicillamine in 0.9% NaCl (w/v). 

Semen from frozen-thawed straws from three bulls were pooled, purified with ISolate® [Irvine 

Scientific; 50% (v/v) and 90% (v/v)], and diluted to a final concentration in the fertilization dishes 

of 1 × 106/ml. Fertilization was allowed to proceed for 8–9 h in a humidified atmosphere of 5% 

CO2 at 38.5˚C. After fertilization, putative zygotes were denuded of cumulus cells by vortexing in 

100 μl hyaluronidase (1000 U/ml in approximately 0.5 ml HEPES-TALP), and cultured in groups 

of 25–30 in 50 μl synthetic oviduct fluid-bovine embryo 2 (SOF-BE2) in a humidified atmosphere 

of 5%, 5%, 90% (v/v) of CO2, O2, and N2 respectively, at 38.5°C. Embryos that developed to 

blastocysts at Day 7 after fertilization were used for trophoblast cultures. 

Derivation and culture of trophectoderm outgrowths 

 Primary cultures of bovine trophectoderm colonies were established by plating hatched or zona 

removed (using 0.1% Pronase® protease) day 7-8 blastocysts into 12 well culture dishes seeded 

with irradiated mouse embryonic fibroblast (MEF) feeders. Cultures were fed with 1:1 mixture of 

Dulbecco’s modified eagle medium (DMEM) and M199 containing 15% fetal bovine serum, 1% 

non-essential amino acids supplement and 1% penicillin-streptomycin. All incubations were 

performed at 37˚C under an atmosphere of 5% CO2.  
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Passage of trophoblast outgrowths was done by dissociating primary colonies by forcing jets of 

culture medium using a 25G needle. Sheets of primary colonies were broken up into smaller pieces 

by repeated aspirations through a pipette and passaged into 35mm culture dishes coated with either 

MEF feeders or 0.1% gelatin to form secondary colonies. Medium was changed every 2 days until 

cells reached confluency. Subsequent passages were done mechanically as described above. 

Primary/secondary trophoblast colonies were grown in the presence or absence of inhibitors- 2 

μg/ml C3 transferase (Cytoskeleton, Inc), 10µM Y-27632 (Enzo LifeSciences), 2µM SB 431542 

(Reagents Direct) or 10ng/ml recombinant human TGFβ1 (PeproTech) as indicated in the results 

section.  

Immunocytochemistry 

 Trophoblast colonies were grown on glass coverslips to enable imaging. Cells were fixed with 

4% formaldehyde for 15 minutes at room temperature. Fixed cells were then permeabilized with 

0.1% Triton X-100 in PBS for 1 minute and blocked using 5% normal goat serum for 30 minutes. 

Coverslips were subsequently incubated with a mouse monoclonal anti-cytokeratin antibody [4] 

or with an affinity-purified mouse monoclonal antibody against Caudal type homeobox 2 (CDX2, 

BioGenex) and Alexa Fluor conjugated anti-mouse Fab’ fragments as previously described [15] 

To visualize actin, cells were incubated with 50 µg/ml rhodamine labelled phalloidin for 45 min 

at room temperature followed by washing coverslips and mounting as described above. 

5-ethynyl-20-deoxyuridine (EdU) assay 

 Cell proliferation was quantified by EdU incorporation assay using Click-iT® EdU Alexa 

Fluor® Imaging Kit (Invitrogen™ Molecular Probes® 10337-10340). Cells were incubated with 

10μM EdU for 12 hours and incorporated EdU was labelled using the Click-iT® EdU Alexa 

Fluor® Imaging Kit (Invitrogen™ Molecular Probes® 10337-10340) according to the 
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manufacturer’s instructions. Cells were then permeabilized in 0.5% Triton PBS for 1 hour, washed 

three times in 3% BSA and then incubated in the Click-iT® reaction cocktail (containing buffer, 

CuSO4 and Alexa Fluor azide) for 1 hour at room temperature.  

Generation of expression constructs, viral production and transduction 

 To generate the pLenti-TRE-RTTA vector used for doxycycline inducible gene expression, the 

CMV promoter of the pLenti-CMV-GFP-Puro (17448, Addgene)[16] vector was replaced with a 

doxycycline inducible minimal CMV promoter and the puromycin resistance gene was replaced 

by the RTTA element downstream of the PGK promoter by restriction cloning. eGFP-RhoA-T19N 

and constitutively active bovine ROCK2 was PCR amplified from the teto-FUW-eGFP-RhoA-

T19N (73082 Addgene)[17] and pSILK CA ROCK2 (84649 Addgene)[18] vectors  and was 

inserted into the BamH1/Sal1 sites of the pLenti-TRE-RTTA vector to generate doxycycline 

inducible pLenti-TRE-RhoT19N-RTTA and pLenti-TRE-CA-ROCK2-RTTA vectors 

respectively. pLenti-EF1a-GFP vector was constructed by replacing the CMV promoter of pLenti-

CMV-GFP with an Ef1a promoter and used to make control viruses. Lentiviral particles were 

produced in 293T cells by co-transfecting transfer vectors with helper plasmids encoding gag, pol, 

and rev. Viral supernatants were collected at 48 and 72 hours, pooled and filtered using 0.45µ PES 

filters. Viruses were concentrated by ultracentrifugation at 25000g for 1.5 hours before infection. 

Trophoblast colonies were transduced by adding concentrated lentiviruses to the culture media and 

incubating for 24 hours. Infection efficiencies were analyzed visualizing GFP fluorescence. 

Gene expression assay 

 Total cellular RNA was extracted using TRIzol (Life Technologies). Reverse transcription of 

1.5µg of total RNA was carried out with Oligo-dT using the Multiscribe reverse transcriptase (Life 

Technologies). Quantitative PCR (qPCR) was performed to analyze expression of specific genes 
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using specific primers designed for the SYBR Green detection method.  Specific primers were 

designed for targets (S. Table 1) and fidelity of amplification and efficiency were confirmed. All 

expression data were normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Relative 

quantification of fold change was calculated using the 2−Δ/ΔCt method [19]. 

Microscopy and time-lapse imaging 

 Phase contrast images were acquired using either a DFC365FX camera in M80 stereo or an 

ICC50HD camera in DMIL inverted microscopes (Leica). For immunocytochemistry, images 

were acquired using a Meta 510 confocal microscope (Zeiss). 

For time-lapse microscopy, images were captured every 10 minutes using a Lumascope-720 

microscope with XYZ auto stage placed in incubator at 37˚C and 5% CO2.  ImageJ software was 

used to quantify colonies areas and cell numbers from acquired images. 

Trophoblast transcriptomics and bioinformatic analysis 

 Total RNA was extracted from trophoblast colonies using RNAqueous micro kit (Thermo 

Fisher Scientific). Integrity was checked using the Bioanalyzer 2100 (Agilent Technologies), 

mRNA was isolated using poly(A) capture, fragmented and cDNA library construction was 

performed using TruSeq stranded total RNA sample preparation kit (Illumina). Samples with 

unique bar code sequences were pooled for sequencing by synthesis to obtain short single reads 

on a HiSeq4000 (Illumina). Reads were aligned to the bovine genome (UMD3.1) [20] using 

Tophat (version 2.0.9) [21]. Raw count for each gene was estimated with BioConductor (EdgeR 

version 3.18.1), package using BAM files. Differentially expressed genes were identified using 

the DESeq package [22]. Raw P values of multiple tests were corrected using false discovery rate 

[23]. The transcriptomics and proteomics datasets were classified by using gene ontology (GO) 

terms using PANTHER (protein analysis through evolutionary relationships) [24] and DAVID 
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[25] tool. GO terms and corresponding corrected P values were used as input to perform a REViGO 

analysis to visualize semantic clustering of the identified top GO terms and reduce GO redundancy 

[26]. The output plot was adjusted to highlight and annotate clusters of enriched GO terms. For 

integrated functional evaluation, and upstream analysis of differentially expressed genes 

Ingenuity® pathway analysis (IPA, Qiagen) was used. to [27].  

Statistical analyses 

 All statistical analyses were done using Graphpad Prism software. Statistical significance was 

determined using Student’s t test or ANOVA. P value less than 0.05 was considered significant 

unless otherwise specified. Data are represented as mean ± standard error of the mean. 

RESULTS  

RhoGTPase signaling is a predominantly expressed pathway in cultured bovine trophoblast 

cells 

 We previously reported that use of MEF feeders support the attachment and culture of bovine 

blastocyst derived trophoblast colonies [4]. However, culture of these colonies over extended 

periods (>5-6 passages) resulted in diminished growth and morphology changes leading to the 

formation of large flattened cells, suggestive of senescence/differentiation (data not shown). To 

gain insights into signaling networks predominant in cultured bovine trophoblast cells, the 

transcriptome and proteome of blastocyst derived trophoblast colonies from our previous study 

was subjected to gene enrichment and pathway analysis using the PANTHER pathway prediction 

algorithm. Of the total 8 pathways found to be enriched in the transcriptomics and proteomics data 

sets, 5 were common between both, with the top commonly enriched pathway being RhoGTPase 

signaling represented with 41 and 40 genes respectively (Table 4.1). In agreement with the 

PANTHER pathway analysis, a concurrent Gene ontology (GO) enrichment analysis of the 
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Table 4.1. Over-represented pathways identified in trophoblast cells 

 

Proteome Genes P value 

Cytoskeletal regulation by Rho GTPase 41 9.36E-20 

Chemokine and cytokine signaling 34 2.44E-04 

Integrin signaling 29 6.09E-05 

Nicotinic acetylcholine receptor signaling 23 2.10E-06 

Ubiquitin proteasome 17 1.11E-04 

Glycolysis 15 2.13E-08 

Dopamine receptor mediated signaling 13 3.72E-03 

Fructose galactose metabolism 8 2.87E-05 

TCA cycle 5 1.87E-02 
 

 

Transcriptome Genes P value 

Cytoskeletal regulation by Rho GTPase 40 1.97E-04 

CCKR signaling 40 9.75E-04 

EGF receptor signaling 29 3.38E-02 

FGF signaling pathway 29 1.13E-02 

Glycolysis 11 4.44E-02 

Integrin signaling 48 1.31E-06 

Ubiquitin proteasome 34 1.45E-10 

TCA cycle 7 6.14E-03 

Pentose phosphate pathway 6 4.93E-02 
 

 

transcriptome using DAVID showed multiple genes enriched for GO terms related to the Rho 

pathway such as ‘Rho protein signal transduction’, ‘cytoskeletal organization, ‘small GTPase’, and 

‘actin filament’. These results of the in-silico analysis suggest the potential involvement of the 

RhoGTPase pathway in bovine trophoblast cell proliferation and maintenance and became the 

focus for further functional analysis.  

Inhibition of RhoA-GTPase enhances trophoblast proliferation 

 Having identified RhoGTPase as an enriched pathway in trophoblast cells we tested whether 

modulating Rho activity could influence trophoblast function. To this end, we subjected primary 

trophoblast colonies cultured on irradiated MEFs to treatment with C3 ADP-ribosyltransferase 

(C3). C3 is a toxin derived from the bacteria Clostridium botulinum and selectively ribosylates 
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Figure 4.1. Inhibition of RhoA-GTPase increases proliferation of bovine trophoblast cells. (A) 

Representative images showing trophoblast colonies cultured after treatment with 0.25 µg/ml of Rho A 

inhibitor, C3 transferase (C3) and controls. (B) Colony size measurements indicated a significant increase 
in the average colony area of trophoblasts treated with C3 (C) Overexpression of a doxycycline inducible, 

GFP tagged dominant negative mutant of RhoA (T19N) caused an increase in cells labelling positively for 

EdU. (D) Measurement of colony sizes indicating an increase in colony areas after overexpression T19N. 

(E) Quantification of EdU labelled cells showing a significant increase after T19N overexpression 
compared to control. 
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Rho A, B, and C on Asn-41, thereby inhibiting its activity without affecting other Rho/Rac family 

members [28]. Treatment of trophoblast colonies with 2 μg/ml C3 showed a growth promoting 

effect with a statistically significant increase in colony areas compared to controls, indicating an 

increase in proliferation (Figure 4.1 A, B). One of the most widely studied gene member of the 

Rho family is RhoA. To determine if RhoA plays a role in trophoblast cell proliferation, we 

inactivated RhoA by overexpression of its dominant negative mutant (T19N), using a doxycycline 

inducible lentiviral construct expressing a GFP tagged T19N (Figure 4.1 C). Upon induction with 

doxycycline, colonies overexpressing the dominant-negative protein grew at a faster rate than 

non-induced cells as quantified by increase in colony areas (Figure 4.1 D) and the percentage of 

EdU labelled cells (Figure 4.1 E). The enhanced proliferation of trophoblast colonies on treatment 

with C3 and RhoA inactivation results suggests that Rho-GTPase pathway inhibition promotes 

bovine trophoblast proliferation. 

Inhibition of the RhoA downstream effector ROCK results in increased trophoblast 

proliferation 

 The major and the most studied downstream effector of RhoA is the Rho associated coiled coil 

kinase (ROCK). Our RNA seq data suggests that ROCK2 but not ROCK1, is expressed in high 

levels in cultured trophoblast cells (Average FPKM 376.37). To evaluate if ROCK plays a role in 

the proliferation of trophoblast cells, we examined the effect of Y-27632, a small molecule 

inhibitor of ROCK. Trophoblast colonies cultured on MEF feeders were treated with 10μM of Y-

27632 for 6 days and the effect on proliferation was quantified by measuring colony areas. Similar 

to RhoA inhibition, treatment with the ROCK inhibitor resulted in a significant increase in  
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Figure 4.2. Rho kinase  inhibition increases proliferation of bovine trophoblast cells. 

(A) Representative images showing trophoblast colony sizes generated from blastocysts cultured with 

10µM of Y-27632 (ROCKi) and controls. (B) Measurement of individual trophoblast colony areas indicated 
significantly larger colonies over time in the presence of ROCKi. (C) EdU staining cells cultured in the 

presence of ROCKi (D) Significantly more number of cells labelled positive for EdU incorporation 

indicating an increase in proliferation when cultured in the presence of ROCKi (E) Representative images 
showing day 7 bovine blastocysts treated with 10 µM of ROCKi and controls. (F) Measurement of 

individual blastocyst diameter and, (G) Trophoblast cell counts (CDX2-positive cells), 2 days after 

treatment indicate significantly higher trophoblast cell number in the presence of ROCKi.   
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proliferation as measured by the increase in colony area (Figure 4.2 A, B). The increase in 

proliferation was also verified by performing a 12-hour EdU incorporation assay which showed 

an increased number of EdU labelled cells in the ROCK inhibitor (ROCKi) group compared to 

control, confirming that the increase in colony areas in response to ROCK inhibition was indeed 

due to the increase in proliferation of the trophoblast cells (Figure 4.2 C, D). In addition, 

trophoblast cultures initiated with ROCK inhibition could be maintained for longer passages (data 

not shown). Collectively, these observations are consistent with ROCK acting downstream of 

RhoA to regulate bovine trophoblast proliferation.  

 We next asked if the effect of ROCK inhibition on trophoblast proliferation could be 

recapitulated using intact blastocysts. To this end, in vitro produced day 7 blastocysts were 

cultured either in the presence or absence of 10μM of Y-27632 for 2 days. Embryos cultured in 

the presence of Y-27632 showed a significant increase in diameter compared to control embryos 

suggesting an increase in the number of trophectodermal cells (Figure 4.2 E, F). This was also 

confirmed by quantifying the number of cells positively labelled with CDX2, a trophoblast specific 

transcription factor (Figure 4.2 G). Blastocysts subjected to ROCK inhibition showed significantly 

increased counts of CDX2 positive nuclei compared to untreated controls confirming that 

inhibition of the RhoA-ROCK pathway exerts a positive effect on proliferation of bovine 

trophoblast cells. 

Transcriptome dynamics of trophoblast cells cultured under ROCK inhibition 

 To assess the global impact of ROCK inhibition on trophoblast cells, we performed RNA 

sequencing (RNA seq) to compare the gene expression profile of trophoblast colonies grown on 

MEF feeders with and without ROCK inhibition. Distinct clustering patterns were observed with 

and without ROCK treatment suggesting significant changes in the transcriptome (Figure 4.3 A). 
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Figure 4.3. RNA seq analysis of cells cultured with or without ROCK inhibition. (A) Multidimensional 

scaling plot of ROCK inhibited and control cells indicating similarity in gene expression profiles within 
biological replicates  (B) MA plot demonstrating upregulated and downregulated genes in trophoblast cells 

after ROCK inhibition (C) Average expression levels (FPKM) of trophoblast specific transcription factors 

showed no significant differences between ROCKi treated or control cells (D,E) Gene ontology term 
enrichment analysis for genes upregulated (D) and downregulated (E) with ROCKi, visualized using 

Revigo and summarized based on parent GO terms and Revigo-defined semantic space (F) Upstream 

regulator activator growth factors identified by IPA for genes downregulated by ROCKi . TGFβ family 
members were predicted to be the most probable upstream regulators (G) Multilayer Venn diagram showing 

genes regulated by the upstream growth factors of the TGFβ family. TGFβ1 was predicted to uniquely 

regulate the maximum number of genes 



131 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 



132 

 

In total, we identified 857 differentially expressed genes, with 240 genes being upregulated and 

617 genes downregulated in response to ROCK inhibition (Fold change >1.5, FDR>0.05) (Figure 

4. 3 B). The increase in downregulated genes is consistent with inhibition of ROCK as natively it 

acts as a kinase to activate genes involved in various signaling pathways. Importantly, we found 

that expression levels of master transcription factors dictating the trophoblast lineage was not 

affected, suggesting that inhibiting ROCK does not alter the trophoblast molecular signature 

(Figure 4.3 C). To gain further insight into the biological processes potentially regulated by ROCK, 

GO term analysis was performed on the differentially regulated genes. This identified several 

distinct GO clusters. Genes which were upregulated with ROCK inhibition were linked to GO 

terms like ‘metabolism’, ‘cell adhesion’, ‘secretion’ and ‘cell growth’ consistent with increased 

cellular proliferation and associated demands (Figure 4.3 D). Downregulated genes fell into 

categories like ‘cell differentiation’, ‘placentation’, ‘apoptosis’, ‘cell migration’, 

‘phosphorylation’ and ‘extracellular matrix’ (Figure 4.3 E). When placed in the context of 

functional gene networks, these GO terms signify the general functional changes happening in 

terms of the observed phenotype. 

TGFβ1 is an upstream regulator affecting Rho-ROCK pathway  

 We hypothesized that activation of the Rho-ROCK pathway could result from pathways 

activated by other upstream signals. To identify potential upstream regulators directing the RhoA-

ROCK pathway, we employed the novel upstream regulator analysis (URA) tool available with 

the IPA software. The URA tool analyses linkage of the input genes to potential upstream 

regulators including growth factors and transcription factors that has been previously documented 

to experimentally to affect gene expression [27]. When we analyzed the genes downregulated in 

response to ROCK inhibition through this tool, we found that of the top 10 growth factors that 
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could potentially regulate the down regulated genes, 5 of them belonged to the TGFβ superfamily 

(Figure 4.3 F). TGFβ1 was the top upstream regulator candidate affecting 121 genes (~20%) of 

the 617 total downregulated genes (Figure 4.3 F). In addition to TGFβ1, other members of the 

TGFβ family including TGFβ 2, 3, Inhibin and BMP 7 were also predicted to be upstream 

regulators. Apart from TGFβ family members, growth factors like FGF2, EGF, VEGFA and IGF1 

were also among the top 10 upstream predicted growth factor regulators. When we compared the 

number of genes uniquely affected by each of the identified TGFβ family members, we observed 

that TGFβ1 uniquely regulated 85 of the total 121 genes found to be affected by it (Figure 4.3 G), 

delineating TGFβ1 to be the potential master upstream growth factor regulator of ROCK pathway. 

ROCK inhibition enables maintenance of trophoblast cells in feeder free conditions for 

extended passages 

 The observation that trophoblast cells cultured in the presence of ROCKi showed increased 

proliferation rates and could be maintained in culture for extended passages led us to examine the 

possibility of propagating trophoblast cells in a feeder free system. To this end, trophoblast 

colonies were seeded in tissue culture coated dishes in the presence or absence of 10μM of Y-

27632. After 24 hours, almost 80% of cells plated in the presence of ROCKi attached and started 

to form colonies while only less than 40% of those plated without ROCKi attached (Figure 4 A, 

B).  More colonies could be visible per field in the ROCKi group compared to controls (Figure 

4C). Furthermore, the colonies that were formed without ROCKi couldn’t be expanded and were 

lost after 2-3 passages. In contrast, colonies cultured in the presence of ROCKi grew robustly and 

could be expanded to at least 10 passages while maintaining steady growth without any significant 

morphology change. In addition, colonies cultured with ROCKi also retained the ability to form 
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Figure 4.4. ROCKi allows feeder free passage of bovine trophoblast cells (A) Representative images 
showing trophoblast colonies passaged under feeder free conditions in the presence of ROCKi or control. 

(B) Significant increase in the percentage of colonies attached was observed after ROCKi (C) Number of 

colonies growing per microscopic field was significantly increased when cultured in the presence of ROCKi 
under feeder free conditions. (D) Representative images showing morphology of trophoblast colonies 

grown with or without ROCKi under feeder free conditions. Withdrawal of ROCKi caused the colonies to 

adopt a more elongated morphology, reduction in the formation of trophocysts. (E) Volcano plot identifying 

genes up and downregulated in trophoblast cells cultured in feeder free conditions compared to those 
cultured on MEF feeders, both with ROCKi treatment. (F) Pie-chart showing the grouping of differentially 

regulated genes in ROCK inhibited, feeder free conditions to the GO term Cellular components. Many 

genes for secreted proteins were identified to be differentially expressed. (G) Genes for secreted proteins 
found differentially expressed in feeder free conditions (H, I) Pathways downregulated (H) and upregulated 

(I) in response to culture of trophoblast cells under feeder free conditions. 
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fluid filled trophocysts, a characteristic feature found in other trophoblast cell culture systems 

(Figure 4 D). Withdrawal of ROCKi resulted in marked reduction in proliferation and change in 

colony morphology into more flattened, elongated phenotype (Figure 4.4 D). A RNA seq 

comparison of ROCK inhibited cells grown on feeder free conditions and MEF feeders found 796 

differentially expressed genes (616 upregulated, 180 downregulated, Fold change >1.5, 

FDR>0.05) (Figure 4.4 E). Analyses of the cellular component origin of the 796 differentially 

expressed genes showed a large subset of genes associated with the extracellular region (Figure 

4.4 F). These included extracellular matrix associated genes, growth factors and cytokines and 

other proteins known to be secreted by the trophoblast cells (Figure 4.4 G). A deeper KEGG 

analysis further showed that the differentially expressed genes group into unique pathways. 

Among the major pathways downregulated in feeder free conditions included TGFβ signaling, cell 

adhesion and ECM and GF interaction pathways, suggesting reduced interaction of cells with their 

extracellular matrix in feeder free conditions (Figure 4.4 H). Among the upregulated pathways 

included growth and proliferation associated, energy system associated, cytoskeleton associated 

and other signaling pathways (Figure 4.4 I). These results suggested that the feeder free culture 

upregulates many signaling transduction activities in trophoblast cells, which could also play 

important roles in helping the cells adapt to their increased proliferative demands in the absence 

of feeders. 

TGFβ1 treatment decreases trophoblast proliferation: 

 In addition to our bioinformatics analysis results suggesting TGFβ as a regulator of ROCK 

signaling, many previous studies have also identified TGFβ signaling to be a major upstream 

activator of the RhoA-ROCK pathway [29-31] Analysis of trophoblast RNA seq data reveled that 

both the TGFβ signaling receptors, TGFβR1 and TGFβR2 were highly expressed, indicating it to  
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Figure 4.5. TGFβ1 activates upstream of ROCK resulting in its activation. (A) Transcript counts from 
RNA sequencing showing prominent expression of TGFβ receptors (R1 and R2) in trophoblasts. (B) RT-

PCR performed on trophoblast cells confirmed the transcript expression of TGFβ receptors (C) Graph 

shows increase in trophoblast colony areas after treatment with 2 µM TGFβ receptor inhibitor SB431542, 
10µM ROCKi and controls. SB431542 treatment increases proliferation following similar kinetics as 

ROCKi, suggesting TGFβ signaling acts upstream to activate ROCK. (D) Quantification of trophoblast 

colony areas after 48 hours of treatment with ROCKi, TGFβ1 or a combination of both. TGFβ1 alone 

caused a significant inhibition in cell proliferation which could be partially rescued by the addition of 
ROCKi (E) Representative images from live cell imaging performed on trophoblast cells cultured under 

feeder free conditions with ROCKi, TGFβ1 or a combination of both.  

 

be an active pathway in trophoblast cells (Figure 4.5 A). We also confirmed the expression by RT-

PCR using primer pairs specific to TGFβR1 and 2 (Figure 4.5 B). Based on these results, we 

hypothesized that TGFβ1 through RhoA-ROCK signaling might regulate trophoblast proliferation. 

To test this, we cultured trophoblast colonies in the presence of SB431245, an inhibitor for TGFβ 

type I receptor [32]. Compared to controls, colonies cultured in the presence of 2 µM SB431542 

showed a significant increase in colony areas suggesting increased proliferation (Figure 4.5 C). 

Moreover, the proliferation kinetics in the presence of SB431542 was identical to that in response 

to Y-27632 implying a relation between TGFβ signaling and RhoA-ROCK signaling (Figure 4.5 
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C). To investigate the involvement of TGFβ in trophoblast proliferation, we tested the effect of 

supplementing recombinant TGFβ1 to trophoblast cultures. Trophoblast colonies grown in the 

presence of 10ng/ml recombinant TGFβ1 showed a significant block in proliferation which could 

be partially abrogated by the addition of Y-27632 (Figure 4.5 D, E). Taken together, these results 

suggest the presence of a TGFβ1-RhoA-ROCK signaling axis that can functionally modulate the 

proliferation of trophoblast cells. 

TGFβ1 treatment induces morphological transition of mononuclear trophoblast cells into 

binucleate cells. 

 Upon closer morphological examination of TGFβ1 treated colonies, we observed a change in 

phenotype from the tightly packed, small cobblestone shaped mononuclear cells to large, round or 

elongated morphology consisting of binucleate or occasional trinucleate/multinucleate cells 

(Figure 4.6 A). Cells treated with TGFβ1 exhibited disruption of tight junctions and associated cell 

contact apparent at the colony edges and displayed projections from the leading-edge suggesting 

involvement of the cytoskeleton. Phalloidin staining of TGFβ1 treated cells revealed increased 

cytoplasmic staining of parallelly arranged actin stress fibers compared to controls where F actin 

was mostly randomly arranged and localized to the periphery (Figure 4.6 A). These observations 

indicate that TGFβ1 induces actin cytoskeletal reorganization, a process mediated by RhoA-

ROCK signaling, further supporting that TGFβ1 stimulation leads to activation of Rho-ROCK 

pathway. Immunofluorescence staining of cytokeratin to label cell boundaries confirmed the 

formation of binucleate cells in response to TGFβ1 treatment. TGFβ1 treatment for 4 days resulted 

in a significant increase in formation of binucleate cells compared to ROCKi or no ROCKi controls 

(Figure 4.6 B). These observations suggest that treatment with TGFβ1 alters the cytoskeletal 
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dynamics and induces a morphological transition of the trophoblast colonies into a more 

differentiated binucleate phenotype.  

TGFβ1 treatment induces functional differentiation of mononuclear trophoblast cells into 

binucleate cells. 

 To understand the molecular pathways induced by TGFβ1 treatment to drive the transition of 

mononuclear cells into binucleate cells, we performed genome-wide transcriptome profiling of 

trophoblast colonies subjected to TGFβ1 treatment and compared them to cells grown with ROCK 

inhibition and a combination treatment of TGFβ1 and ROCK inhibition. Globally, two major 

transcriptomic shifts were illustrated by multidimensional plotting in response to treatments, with 

TGFβ1 treated cells and TGFβ1 +ROCKi treated cells clustering separately from ROCKi treated 

cells (Figure 4.6 C). Compared to ROCK inhibited cells, 183 genes were upregulated, and 79 genes 

were downregulated by TGFβ1 treatment, while only 72 and 50 genes were up and downregulated 

respectively with the combinatorial treatment (Figure 4.6 D) (Fold change >1.5, FDR>0.05). 

Differentially regulated genes with TGFβ1 treatment fell into diverse general categories 

implicating a physiologically significant change (Figure 4.6 E). Consistent with the observation of 

binucleate cell formation, among the upregulated cohort were genes previously reported to be 

associated with binucleate cells like collagens, integrins, MMP9 and PAG11. Conversely, many 

mononuclear trophoblast cell exclusive genes like IFNT, TKDP1, TKDP4, SSLP1, PAG 2,8 and 

12 were also found to be downregulated (Figure 4.6 F). A pathway analysis on the upregulated 

genes showed enrichment of other signaling cascades activated in response to TGFβ1 stimulation 

with shared genes and significant cross talk between identified pathways, suggesting the possibility 

that activation of TGFβ pathway may be sufficient to initiate the cascade of signaling perturbations 

to possibly initiate the formation of binucleate cells (Figure 4.6 G).  
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Figure 4.6. TGFβ1 treatment induces morphological differentiation of mononuclear trophoblast cells 

into binucleate cells. (A) Trophoblast cells labeled for cytokeratin (green) and DAPI (blue) to visualize 

cell boundaries and nuclei respectively. Treatment with TGFβ1 induced formation of binucleate cells. 

Phalloidin staining (red) showing actin cytoskeletal reorganization in binucleate cells. Images from 48 hr 
TGFβ1 treatment. (B) Quantification of number of binucleate cells to mononucleate cells indicated that at 

48 hr, TGFβ1 induced a significant increase in the formation of binucleate cells compared to controls (C) 

Multidimensional scaling plot of RNA seq data showing distinct clustering of after ROCKi, TGFβ1 or 
combinatorial treatment (D) Number of genes differentially expressed genes after TGFβ1 and 

TGFβ1+ROCKi treatment of trophoblasts compared to ROCKi (for 48 hr) (E) Classification of genes 

differentially expressed with TGFβ1 treatment into categories based on function (F) Gene expression 
profiles of previously identified MTC specific and BNC specific genes following TGFβ1 treatment. TGFβ1 

treatment resulted in upregulation of MTC specific genes and downregulation of BNC specific genes (G) 

Circos plots showing genes upregulated after TGFβ1 treatment and the corresponding signaling pathways 

(H) Comparison of differentially expressed genes expressed between TGFβ1 or combinatorial treatment. 
151 genes were uniquely regulated by TGFβ1while 111 genes were regulated by TGFβ1 through ROCK. 
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To delineate genes which are direct targets of TGFβ stimulation, we did a comparison of RNA seq 

data from TGFβ1 treated cells to the combinatorial treatment of TGFβ1 and ROCKi. Almost all 

of the genes differentially expressed in the combinatorial treatment was also found to be affected 

by TGFβ1 (Figure 4.6 H), suggesting their regulation by TGFβ1 through ROCK. 

Activation of ROCK results in decreased trophoblast proliferation and formation of 

binucleate cells 

 The above findings strongly suggest the involvement of RhoA-ROCK pathway in trophoblast 

proliferation and differentiation. To test the functional consequences of ROCK overexpression, 

we stably infected trophoblast colonies with lentiviruses coding for a constitutively active (CA) 

mutant form of ROCK2 under a doxycycline inducible promoter. The CA-ROCK2 lacks the RhoA 

binding domain, thereby exhibits kinase activity even in the absence of RhoA-GTP binding [33]. 

We first performed a qPCR to confirm and quantify the increase in expression of ROCK2 levels 

after addition of doxycycline. As expected, after induction with doxycycline, mRNA levels of 

ROCK2 were increased around 120-fold (Figure 4.7 A). Identical to TGFβ1 treated cells, dox 

induced ROCK2 overexpressing cells (ROCK OE) showed defect in proliferation with loss of 

epithelial tight junctions and formation of cellular projections (Figure 4.7 B). Furthermore, 

overexpression of ROCK also increased the formation of binucleate cells compared to controls 

(Figure 4.7 C). Thus, expression of an activated form of ROCK inhibited cell division and led to 

the formation of binucleate cells associated with trophoblast differentiation. These findings are 

consistent with and support the involvement of TGFβ1-RhoA-ROCK signaling axis in bovine 

trophoblast proliferation and differentiation. 
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Figure 4.7. Overexpression of constitutively active form of ROCK results in trophoblast 

differentiation. (A) qPCR showing upregulation of ROCK following doxycycline induction in trophoblast 
cells infected with a doxycycline inducible lentivirus expressing ROCK (B) Phase contrast images showing 

colony morphology of cells overexpressing ROCK (C) ROCK overexpression induced formation of 

binucleate cells in trophoblast colonies. 

 

TGFβ1-RhoA-ROCK axis induces binucleate cell formation potentially through the AP-1 

family transcription factor JUNB 

We next focused on identifying transcription factors downstream of the TGFβ1-RhoA-ROCK axis 

that might potentially regulate binucleate cell formation. Upstream growth factor analysis of genes 

upregulated by TGFβ1 treated correctly identified TGFβ1 as the top hit, confirming the fidelity of 

such bioinformatic predictions (Figure 4.8 A). Next, we subjected the same genes to an upstream 

transcription factor analysis to identity possible candidates. Among the top 10 candidates, 4 of 

them belonged to the AP-1 family (Figure 4.8 B). Interestingly, JUNB a member of this family 

has been previously reported to negatively regulate proliferation.  In addition, JUNB has also been
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Figure 4.8. Potential involvement of the AP-1 transcription factor JUNB in binucleate cell formation. 

(A) Upstream regulator growth factor analysis of genes upregulated in response to TGFβ1 treatment 
identified TGFβ1 as the top hit confirming the fidelity of bioinformatics prediction. (B) Upstream regulator 

transcription factor analysis of genes upregulated in response to TGFβ1. The AP-1 transcription family 

members were found to be the most redundant, suggesting their potential involvement (C) Transcript levels 
of JUNB in response to treatments as indicated. JUNB expression increased in response to TGFβ1 treatment 

and decreased with ROCK inhibition (D) Expression levels of direct target genes of JUNB. They followed 

as similar pattern as that of JUNB (E) DAPI staining showing nuclear morphology of control, TGFβ1 
treated and ROCK overexpressing cells. Control nuclei appear normal with a round morphology. TGFβ1 

treated and ROCK overexpressing cells showed binucleate cells with abnormal nuclei with formation of 

micronuclei and nuclear bridges (arrows). 
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found to induce binucleate cell formation in cancer cell lines [34]. Examining the transcript levels 

of JUNB revealed that expression levels follow a pattern in which JUNB is upregulated in response 

to TGFβ1 and goes down with ROCK inhibition (Figure 4.8 C). Combinatorial treatment of 

TGFβ1and ROCKi reduced the levels of JUNB similar to that of ROCKi alone, further confirming 

the alliance of this transcription factor to the TGFβ1-RhoA-ROCK axis. Genes previously found 

to be directly regulated by JUNB also followed its expression pattern suggesting active regulation 

by JUNB. Another interesting observation made was that binucleate cells formed in TGFβ1 treated 

cells and cells overexpressing ROCK presented abnormal nuclear morphology such as abnormal 

shape, micronucleus formation and formation nuclear bridges (Figure 4.8 E). This is strikingly 

similar to previously reported observations on nuclear morphologies of cells overexpressed JUNB 

[34]. These results suggest that TGFβ1-RhoA-ROCK signaling might mediate its effects through 

involvement of JUNB. 

DISCUSSION 

 In this study we used blastocyst derived trophoblast cells as a model to understand the 

pathways that regulate bovine trophoblast elongation and implantation. Our results indicate that 

mechanisms regulating bovine trophoblast proliferation and differentiation, at least in part is 

mediated through TGFβ activated RhoA-ROCK signaling. Activation of TGFβ signaling pathway 

results in the concomitant activation of RhoA and thereby its downstream effector ROCK resulting 

in a negative effect on proliferation and activation of mechanisms leading to the differentiation of 

MTC to BNCs (Figure 4.9).  

 We previously reported conditions for culture of trophoblast colonies from blastocyst stage 

embryos and performed a global transcriptome and proteome study on these colonies. Although 

they maintained trophoblast morphology and expression markers, over time, the cultures would  
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Figure 4.9. The core mechanism directing bovine trophoblast proliferation and differentiation: TGF-

β1 – RhoA – ROCK 

 

show an altered phenotype and degenerate, suggesting a differentiation process. With an aim to 

delineate predominant pathways that would be signaling such changes, a comprehensive pathway 

analysis was done on the transcriptome and proteome. Rho-GTPase signaling was singled out to 

be the top, most commonly upregulated pathway in both the transcriptomic and proteomics 

analysis. Rho proteins, especially RhoA, signaling through its downstream effector ROCK, is one 

of the best characterized members of the Rho GTPase family and has been previously found to be 
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implicated in the maintenance of equilibrium between proliferation and differentiation of different 

cell types including keratinocytes and pluripotent stem cells.  

 Inhibiting the RhoA using C3, a pan Rho protein inhibitor led to significantly increased 

proliferation of trophoblast colonies. C3 might have effects on other members of the Rho family 

(Rho B and C), however recapitulation of the proliferative phenotype using lentiviruses that 

express dominant negative form of RhoA (T19N) suggest that this effect observed is mainly 

mediated through RhoA. The positive effect on trophoblast proliferation was also observed by 

inhibiting ROCK, the main downstream effector of RhoA using a small molecule inhibitor Y-

27632. Furthermore, these results were also reproducible using intact day 8 blastocysts suggesting 

that it was not an effect limited to cells in adherent culture.  

 ROCK can phosphorylate and activate several different downstream targets and have profound 

effects on cell behavior. We attempted to interrogate the molecular basis of ROCK mediated 

trophoblast proliferation by performing RNA seq on trophoblast colonies cultured on MEF feeders 

in the presence or absence of Y-27632.  Although Y-27632 can also inhibit other Rho effector 

kinases like CTK and PKN, the affinity for ROCK is 20-30 folds higher [35]. Consistent with the 

phosphorylation activity of ROCK, a differential expression analysis of RNA seq from trophoblast 

colonies cultured on MEF feeders with Y-27632 reveled more downregulated genes. The clear 

majority of genes downregulated were associated with cellular differentiation including those 

specifically related to trophoblast processes like placentation (HAND1, ADM, SOCS3, RSPO3, 

JUNB) and morphogenesis (HOXB4, KRT6A, GPC3, FGFR3, HOXB2, ADM, CRB3, GDNF, 

TGFB1, TWIST1). Conversely, genes upregulated involved those related to cell growth, 

metabolism and biosynthesis (TM7SF2, HSD3B1, CYP11A1, PRKAA2, FAR2, DHRS9, SMPD2, 
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G6PD, TFCP2L1, ST8SIA5, EDN1), probably representing the response of cells to increased 

nutritional demands solicited by increase in proliferation.  

 The effects observed with Y-27632 on trophoblast proliferation could also be mediated by the 

effects of this ROCK inhibitor on MEF feeders, however the ability to culture trophoblast colonies 

on feeder free conditions supplemented with Y-27632 argues against this possibility. Under feeder 

free conditions, ROCK inhibition resulted in significantly more attachment, colony formation and 

proliferation after passaging. More importantly, ROCK inhibition was indispensable for culturing 

these cells long term without feeders. They could be extensively propagated with Y-27632, the 

removal of which resulted in reduced proliferation with a phenotypic switch suggestive of 

differentiation. From these observations, it can be assumed that the effect of ROCK inhibition on 

trophoblast cells are conditional and reversible, making it an attractive target for use in culture 

conditions for long term culture of undifferentiated bovine trophoblast cells.  

 The molecular responses to ROCK inhibition on trophoblast cells are diverse as evidenced 

from our RNA seq data. Several signals mainly mediated through cytokines growth factors have 

been shown to modulate RhoA-ROCK signaling. A network modeling and upstream analysis 

revealed a list of growth factors potentially controlling the dynamic changes that were associated 

with ROCK signaling. Interestingly, the TGFβ growth factor family was the top hit with 6 out of 

the top 10 upstream growth factors belonging to this family. Specifically, TGFβ1 was predicted to 

be solely responsible for regulation of the vast majority of genes downregulated with ROCK 

inhibition suggesting a TGFβ1-RhoA-ROCK cross talk. The finding that TGFβ regulates ROCK 

is not surprising. In fact, TGFβ has been reported to activate RhoA-ROCK pathway in diverse cell 

types including mouse mammary cells, mink lung cells, pancreatic tumor cells and primary mouse 
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keratinocytes and blocking RhoA or its effector ROCK inhibited TGFβ1 mediated cellular 

responses [36]. 

 Trophoblast proliferation was increased on treatment with SB431542, a TGFβ receptor 

inhibitor and followed close proximity in proliferation kinetics to that observed with ROCK 

inhibition. This finding along with the reduction in proliferation of trophoblast cells upon 

stimulation with TGFβ1 functionally validates the bioinformatic predictions of TGFβ1 being an 

upstream regulator of ROCK. Changes in actin skeleton dynamics, a key function dictated by Rho-

ROCK pathway, in response to TGFβ1 treatment and the partial rescue of proliferation inhibition 

with combinatorial treatment with TGFβ1 and Y-27632 further confirms the existence of a 

signaling axis between TGFβ1 and the Rho-ROCK pathway. 

  Trophoblast cells cease to proliferate and shows signs of differentiation on long term culture. 

RNA seq data suggests that TGFβ family members especially TGFβ1 is expressed by trophoblast 

cells. Treatment with ROCK inhibitor significantly reduced the transcript levels of TGFβ1 

(Average FPKM 19.33 and 5.9), implicating that the autocrine TGFβ1 produced by long term 

cultures of trophoblast cells without ROCK inhibition might contribute to the cell growth arrest. 

Another possible explanation on the inability to maintain long term cultures might be the presence 

of TGFβ1 in fetal serum used for cell culture. The increase in proliferation observed using the 

TGFβ receptor inhibitor SB431542 underpins these possibilities. However, the mechanism by 

which TGFβ1 is reduced remains unclear. A possibility is that ROCK inhibition could block 

phosphorylation of SMAD transcription factors, the main signal transducers for the TGFβ family, 

preventing the nuclear translocation of SMAD2 and SMAD3 resulting in transcriptional repression 

of other downstream genes [31]. Other possible SMAD independent effects also cannot be 

completely ruled out. 
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 In addition to the proliferation halt, another interesting observation that was made in this study 

was induction of binucleate cell formation in TGFβ1 treated trophoblast colonies. Post elongation, 

differentiation of MTCs into BNCs and its subsequent fusion with the uterine epithelial cells is 

considered as pivotal in the formation of synepitheliochorial placenta of ruminants. Although 

binucleate cells are thought to be formed by acytokinetic mitosis or failure of cytokinesis following 

nuclear division, the pathways or signals regulating this process has remained unknown. ROCK 

inhibitor treated cells had very few binucleate cells, the numbers of which almost doubled with 

withdrawal of ROCK inhibitor and quadrupled with TGFβ1 treatment. Considering this together 

with the effects on proliferation, it can be assumed that the TGFβ-RhoA-ROCK pathway also plays 

a role in trophoblast differentiation.  

 These morphological observations with TGFβ1 treatment were also confirmed functionally by 

performing RNA seq. Consistent with binucleate cell formation, TGFβ1 treatment upregulated 

genes previously found to be expressed by binucleate cells and down regulated mononuclear cell 

specific genes. The specific mechanisms by which TGFβ1 induces binucleate cell formation 

remains to be identified. However, an upstream analysis of genes upregulated in trophoblast cells 

treated with TGFβ1 identified the transcription factor JUNB to be a potential regulator. JUNB 

belong to the Activating protein 1 (AP1) class of transcription factors implicated in various TGFβ 

mediated biological responses [37]. Antiproliferative signals cause accumulation of JUNB leading 

to cell cycle arrest through the induction of the cyclin dependent kinase inhibitor p16(INK4a) 

expression [38] and downregulation of cyclin D1 [39]. JUNB overexpression in osteosarcoma cell 

lines has been shown to affect cytokinesis with formation of binucleate cells consistent with 

abortive cytokinesis and induced a variety of mitotic abnormalities including micronucleus 

formation, anaphase bridge and interphase bridge [34]. It has been demonstrated that levels of 
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JUNB can be controlled by dynamics of actin cytoskeleton, a process mediated by ROCK [40]. In 

addition, JUNB levels are robustly upregulated in response to TGFβ1 treatment and markers of 

differentiation was significantly reduced by repressing JUNB in mammary epithelial cells [41]. 

These reports on JUNB and it being predicted to be a regulator of upregulated genes induced by 

TGFβ1 align perfectly with our experimental observations. Levels of JUNB mRNA was lowest in 

cells treated with ROCK inhibitor, slightly elevated in cells without ROCK inhibitor and 

upregulated with TGFβ1 treatment. Combinatorial treatment of TGFβ1 and ROCK inhibitor 

reduced JUNB levels. Several JUNB target genes examined also followed the same pattern. 

Moreover, mitotic defects, in addition to binucleate cells, as reported with JUN overexpression 

were also observed in trophoblast cells stimulated with TGFβ1. Taken together, JUNB can be 

considered as a transcriptional target of the TGFβ1-RhoA-ROCK axis in regulating bovine 

trophoblast proliferation and binucleate cell formation. Additionally, a series of pathways 

including MAP kinase, NOD like receptor signaling, JAK-STAT, Hedgehog and p53 signaling 

were found to be upregulated with TGFβ1 treatment. It is possible that activation of TGFβ 

signaling initiates a cascade of signaling pathways which in synergy results in differentiation of 

trophoblast cells into binucleate cells.  

 Another unexpected observation in response to TGFβ1 treatment was that formation of 

binucleate cells were mostly restricted to the cells in the periphery of trophoblast colonies. The 

exact mechanism for this differential responsiveness in trophoblast cells is unclear, but studies 

using of human embryonic stem cell (hES) colonies have reported similar spatial pattern of 

differentiation [42, 43]. Activity of SMAD proteins in response to the TGFβ family member BMP4 

was found to be elevated towards the edge of the hES colonies resulting in an outer differentiation 

zone, suggesting heterogenous signaling within colonies treated with the same ligand [42]. 
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Another possibility that cannot be excluded is the formation of a ‘niche’ where there is differential 

spatial organization of cells receptive to TGFβ towards the edges. Such self-organization of cells 

resulting in niche formations have been previously observed in mouse embryonic stem cells in 

response to endogenous ligands [44]. Equally possible explanation is the effect of traction forces 

on the edges of colonies. Phalloidin staining indicated that binucleate cell formation at colony 

edges was accompanied by a distinct actin organization suggesting the possibility of involvement 

of mechanical traction forces. Such mechanical traction forces have been shown to prime cells to 

differentiate. In fact, a mechanism by which ROCK inhibition enhances embryonic stem cell 

survival and pluripotency is by altering the tension of the actin cytoskeleton [45, 46]. Furthermore, 

mechanical forces have been shown to affect signaling through pathways including transcription 

factors YAP/TAZ [47, 48]. These transcription factors have been shown to bind to phosphorylated 

SMAD proteins regulating their movement into the nucleus and subsequently controlling their 

downstream effects [49].  

 We also demonstrated that overexpressing a doxycycline inducible constitutively active form 

of ROCK2 results in reduction of cell proliferation and binucleate cell formation in trophoblast 

cells. This is also consistent with our data observed with ROCK inhibitor treatment. 

Using a trophoblast cell culture model, we show mechanisms by which TGFβ regulate trophoblast 

proliferation and differentiation. We extrapolate our in vitro observations to frame a model for this 

process in vivo. After the elongation phase the bovine embryo extends into both uterine horns and 

initiates the formation of BNCs. Interestingly, BNCs are not distributed uniformly throughout the 

filamentous trophoblast cells but tend to occur in clusters most apparent at the placentomal regions. 

TGFβ family proteins are found to be expressed in the uterine endometrium at the placentomal 

regions [50] with TGFβ1 characteristically localized to the maternal caruncles where trophoblast 
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attachment occurs [51]. TGFβ proteins are usually secreted in a latent form in a complex with the 

latency associated protein (LAP) and latent TGFβ binding protein (LTBP) [52]. Its activation 

requires dissociation from this complex which occurs through the action of proteases, 

thrombospondin or more importantly integrins. The LAP of TGFβ1 contains an RGD motif that 

can be bound by αv- containing integrins to convert it into an active form [52]. Once the active 

form is produced it can be presented to TGFβ receptors eliciting its downstream action. Our RNA 

seq data suggest that a repertoire of integrins, especially, TGFβ specific ITGAV, ITGA3, ITGB3, 

ITGB5 and ITGB6 are expressed at high levels in the trophoblast cells. We hypothesize that 

binding of these integrins of trophoblast cells to the latent TGFβ1 protein in the maternal caruncle 

activates TGFβ1 leading to occupation of its receptor, activating the RhoA-ROCK-JUNB pathway 

resulting in binucleate cell formation. 

CONCLUSIONS 

 Using an in vitro cell culture model, we have demonstrated the existence of a functional 

pathway that directs bovine trophoblast proliferation and differentiation. The results from this 

study provides understanding of the basic mechanisms underlying the formation of epitheliochorial 

placenta in ruminants that has so far been uncharacterized. Furthermore, it also opens more 

interesting avenues for future research in similar ruminant species. 
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CHAPTER 5 

Bovine somatic cells are perceptibly refractory to complete reprogramming 

indicating unmet needs for pluripotency maintenance 

Pillai, V. V., Kei, T. G., Reddy, S. E., Das, M., Abratte, C., & Selvaraj, V. (In preparation). Bovine 

somatic cells are perceptibly refractory to complete reprogramming indicating unmet needs for 

pluripotency maintenance. 
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ABSTRACT 

 Mechanisms that direct reprogramming of somatic cells to induced pluripotent stem cells 

(iPSCs), albeit incomplete in understanding, are highly conserved across all mammalian species 

studied. Equally, proof of principle that iPSCs can be derived from domestic cattle has been 

indicated in several publications. Despite these results, there remain inconsistencies, serious gaps 

in characterization, and inappreciable research progress towards fundamental understanding of 

pluripotency in this species. In our efforts to derive and study bovine iPSCs, we encountered 

inadequacy of existing methods and reprogramming failures. Our results suggest that iPSC 

protocols optimized for mouse and human cells do not effectively translate to bovine somatic cells 

that are perceptibly refractory to reprogramming. Moreover, methods that enhance reprogramming 

efficiency in mouse and human cells had none to minimal effects on bovine cell reprogramming. 

Among the different methods tested, use of retroviral vectors coding for bovine Oct4, Sox2, Klf4, 

cMyc and Nanog appeared to produce consistent iPSC-like cells, albeit at very low efficiency. 

Efficiency observed was relatively higher with use of cells from the Wharton’s jelly. Nevertheless, 

bovine iPSC-like colonies derived by any approach could not be passaged effectively compared to 

reprogramming as observed in mouse and human cells. These findings indicated either incomplete 

reprogramming or discordant/ inadequate culture conditions for bovine pluripotent stem cells. 

Therefore, studies that advance core knowledge of bovine pluripotency are necessary before the 

much-anticipated iPSC-driven bovine technologies can be realized. 
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INTRODUCTION 

 In 2006, it was discovered that somatic cells could be reprogrammed to induced pluripotent 

stem cells (iPSCs) that had characteristics identical to embryonic stem cells [1]. From this time 

forward, iPSCs have been generated in numerous mammalian species [2, 3], and applications in 

human medicine have progressed to the extent of clinical trials [4]. Nevertheless, mechanisms 

orchestrating the reprogramming process remain extremely difficult to study even in model 

organisms as a result of low efficiency and heterogeneity in responses [5, 6]. While there is little 

doubt that the reprogramming process across different species is conserved, there exist 

confounding factors underscored by the limited success in iPSC derivation from ruminant species 

[7]. Although several manuscripts describe bovine iPSC derivation [8-20], there remain several 

inconsistencies, serious gaps in characterization, and inappreciable research progress towards 

fundamental understanding or commercial application of these cells. Perhaps the core problems 

parallel shortcomings in deriving embryonic stem cells from ruminants [21].  

 Although embryonic stem cells (ESCs) were established for mice more than three decades ago 

[22], attempts to establish authentic ESCs or epiblast stem cells in livestock have been largely 

unsuccessful [21, 23]. Recently, derivation of primed embryonic stem cells using pharmacological 

inhibition of Wnt signaling has been reported [24]. Although this has been a big step forward for 

possible commercial applications using pluripotent cells [25], it has provided only limited 

information regarding species-specific mechanisms necessary to maintain the pluripotent state. 

Moreover, the possibility of generating pluripotent cells via reprogramming that circumvents 

restrictions such as sex, age and reproductive status remains an attractive option for specific 

applications such a genetic preservation. 
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 Therefore, we set out to examine the effect of factors known to enhance reprogramming 

efficiency in mouse and human iPSC generation when adapted to bovine cells. Our results show 

that bovine cells have unmet needs with respect to both reprogramming and pluripotency 

maintenance. 

MATERIALS AND METHODS: 

Culture of fibroblasts 

 Primary cultures of bovine embryonic fibroblasts (BEFs) and Wharton’s jelly cells were 

established using four embryos (E35-45) (Figure 5.1 A) collected from the abattoir (Cargill, 

Wyalusing, PA). Embryos were minced, and pieces plated in fibroblast medium [DMEM high 

glucose (Hyclone) with 10% fetal bovine serum (Gibco), 1% non-essential amino acids 

supplement and 1% penicillin-streptomycin (GE Healthcare)] at 37°C under an atmosphere of 5% 

CO2. After cell outgrowths were approaching confluence, they were passaged and expanded 2-3 

times before use in experiments (Figure 5.1 B-E). Similarly, mouse embryonic fibroblasts (MEFs) 

cultures were established using E13.5 embryos in fibroblast medium. Human embryonic 

fibroblasts (MRC5 cell line, ATCC CCL-171) were expanded in fibroblast medium before use. 

Plasmids and cloning  

 Lentiviral vectors pLenti-CMV-GFP (17448, Addgene) and pLKO.1-puro (8453, Addgene) 

were modified by restriction cloning. The pLenti-EF1α-GFP vector was constructed by replacing 

the CMV promoter of pLenti-CMV-GFP with an Ef1α promoter. pLenti-EF1α-hNANOG was 

generated by cloning hNANOG from pMXs-hNANOG (13354, Addgene) to the pLenti-EF1α 

vector. The pLenti-CMV-miRNA302/367 was constructed by restriction cloning a 723bp genomic 

loci coding for the bovine miRNA302/367 cluster using specific primers (S. Table 5.1). To remove 

a potential poly(A) signal AATAAA present between miRNA 302c and 302a of the bovine 
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miR302/367 cluster, site directed 6 bp deletion was performed using the Phusion site directed 

mutagenesis kit (Thermo Fisher Scientific) using specific primers (S. Table 5.1). Designed short 

hairpin RNA (shRNA) sequences targeting MBD3 and TP53/p53 genes (S. Table 5.1) were cloned 

in pLKO.1 backbone (8453, Addgene). Retroviral vectors pMXs bOCT4 and pMXs-bNANOG 

were constructed using in vitro synthesized bovine codon optimized OCT4 and NANOG 

(Genscript; S. Table 5.2, 5.3). All cloning and site-directed mutagenesis reactions were confirmed 

by sequencing. 

Virus production 

 Lentiviral vectors used were: pHAGE-hSTEMCCA that encodes hOCT4, hSOX2, hcMYC and 

hKLF4 [26], pLenti-EF1α-GFP, pLenti-EF1α-hNANOG, pLKO.1-shMBD3, pLKO.1-shTP53 

and pLenti-CMV-bmiR302/367. Retroviral vectors used were: pMXs-GFP, pMXs-bOCT4, 

pMXs-bSOX2, pMXs-bKLF4, pMXs-bcMYC and pMXS-bNANOG. Production of retroviral and 

lentiviral particles were performed as previously described [27]. For lentiviruses, 293T cells were 

co-transfected with expression and packaging plasmids (encoding Gag, Pol, and Rev). For 

retroviruses, VSVG pseudotyped particles were produced using GP2 cells transfected with 

expression vector and VSVG expressing plasmid. Culture medium was changed at 18 h before 

collection of virus-containing supernatants at subsequent 48 and 72 h; supernatants were pooled 

and passed through a 0.45 µm filter before infection. 

iPSC generation 

 Reprogramming genes were expressed by infecting MEFs, HEFs, BEFs or Wharton’s jelly 

cells with lentiviruses or retroviruses according to the experimental plan (Figure 5.1 F) in medium 

supplemented with 6 μg/mL Polybrene (Sigma) for 24 hours. Infection efficiencies for virus 

batches were analyzed visualizing GFP fluorescence in cohorts. Seven days after infection, cells 
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were plated on irradiated mouse embryonic fibroblast feeders, and culture medium was changed 

to reprogramming medium [DMEM/F12 containing 10% FBS or 15% knock out serum 

replacement (KOSR, Thermo Scientific) with 1% non-essential amino acids supplement, 1% 

penicillin-streptomycin, 0.1 mM β-mercaptoethanol, and growth factors - 20 ng/mL of human 

basic fibroblast growth factor (hFGF2, Peprotech) for human cells, and 10 ng/mL of human 

leukemia inhibitory factor (hLIF, Millipore) for mouse cells and both in combination for bovine 

cells]. All cultures were maintained in a humidified incubator at 37°C under an atmosphere of 5% 

CO2 for 25 days. Cell morphology was monitored throughout, and upon termination, cells stained 

for alkaline phosphatase activity. 

Alkaline phosphatase staining and immunocytochemistry 

 Alkaline phosphatase staining was performed using Vector Alkaline Phosphatase Substrate kit 

as per manufacturer instructions (Vector labs). For immunocytochemistry, mouse and human 

iPSCs were grown on coverslips with irradiated MEF feeders and fixed with 4% formaldehyde. 

Cells were then permeabilized with 0.1% Triton X-100 in PBS for 1 minute and blocked using 5% 

normal goat serum for 30 minutes. Cells were subsequently incubated with antibodies against 

SSEA1 and 4 (Developmental Studies Hybridoma Bank, University of Iowa, IA) for 1 hour. 

Coverslips were then washed three times using PBS and incubated with Alexa Fluor conjugated 

anti-mouse Fab’ fragments (Jackson Immunoresearch) for 30 minutes, washed again three times 

with PBS, counterstained and mounted using 4’,6-diamidino-2-phenylindole (DAPI) containing 

Prolong Gold reagent (Life Technologies). Images were acquired using an inverted microscope 

(DMI 3000, Leica) using a cooled monochromatic camera (DFC365FX, Leica). 
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Gene expression assay  

 Total RNA was extracted from cultured cells using TRIzol (Life Technologies). Reverse 

transcription was carried out with Oligo-dT using the Multiscribe reverse transcriptase (Life 

Technologies). Quantitative PCR (qPCR) was performed to analyze expression of specific genes 

using specific primers designed for the SYBR Green detection method.  Specific primers were 

designed for targets (S. Table 5.1) and fidelity of amplification and efficiency were confirmed. All 

expression data were normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Relative 

quantification of fold change was calculated using the 2−Δ/ΔCt method [28]. 

Small RNA sequencing  

 Small RNA libraries were generated using 50 to 100 ng of total RNA using TruSeq Small RNA 

prep (Illumina) with 11 cycles of amplification and sequenced (Illumina HiSeq 2500; 50 bp; 

single). High-quality reads (those passing Illumina's Y/N quality filter and containing no uncalled 

bases) were aligned to the bovine genome using Bowtie (v0.12.7) [29]. miRNAs were identified 

requiring perfect alignment to miRNA sequences obtained from miRBase (v21) [30] and grouped 

together into miRNA families based on the possession of a common seed sequence. The 

differential abundance of each miRNA between samples was assessed using edgeR (v3.6.8; R 

version: 3.1.0) [31]. miRNA families are referred to by the first miRNA member of each family 

based on TargetScan miRNA family nomenclature [32]. 

RESULTS  

Bovine embryonic fibroblasts failed to be reprogrammed by lentiviral human 

reprogramming genes 

 To induce pluripotency in BEFs, we used the polycistronic STEMCCA lentiviral cassette 

where human Oct4, Sox2, Klf4 and cMYC (OSKM) genes are inserted downstream of an EF1a  
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Figure 5.1. Experimental timeline for induction of pluripotency and culture of bovine embryonic 

cells. (A) Representative bovine embryo (approximately day 35-45) collected from the abattoir. Embryonic 

cells were dissociated and plated for attachment and growth in vitro. (B-E) Low and high magnification 

phase contrast images of bovine embryonic fibroblasts and umbilical cord-derived Wharton’s jelly cells are 

shown. (F) Plan for iPSC generation from bovine cells. Cultured cells will be infected twice (Day 0 and 

Day 2) with OSKM or OSKMN viruses. Cells will be plated on irradiated mouse embryonic fibroblast 

feeders (Day 7) and subsequently maintained on iPSC medium (Day 8). Putative iPSC colonies will be 

picked for expansion or subjected to alkaline phosphatase staining through Day 25. 
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Figure 5.2. Lentiviral hOSKM and hOSKMN are not effective in reprogramming BEFs to iPSCs. (A) 

Morphology changes to BEFs compared to MEFs after infection with lentiviral hOSKM or hOSKMN 

viruses. BEFs infected with hOSKM showed no apparent changes in morphology over a period of 21 days. 

BEFs infected with hOSKMN showed some highly proliferative cell clusters that formed colonies. In 

contrast, MEFs infected with hOSKM showed iPSC colonies during the same time period. (B,C) Alkaline 

phosphatase (ALP) staining (in blue) at Day 25 showed no positives in BEFs infected with hOSKM and 

hOSKMN; the proliferative cell clusters that formed colonies in BEFs infected with hOSKMN were ALP 

negative. MEFs that formed iPSC colonies stained strongly positive for ALP. (D) BEFs could be infected 

at very high efficiency (>95%) with control GFP expressing lentiviral particles. 
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promoter. Bovine embryonic fibroblasts infected with the STEMCCA lentivirus were cultured on 

irradiated mouse embryonic fibroblast feeders with medium supplemented with 15% FBS, hLIF 

and hFGF2. MEFs were used as a positive control. After 2 weeks of infection, formation of small 

round clusters of cells, suggestive of reprogramming could be observed in MEFs, which, by 3 

weeks formed colonies that stained positive for the pluripotency marker alkaline phosphatase 

(ALP) (Figure 5.2 A, B). However, STEMCCA infected BEFs proliferated rapidly reaching 

confluence in 3-4 days and required frequent passaging (Figure 5.2 B). They showed no 

appreciable changes in morphology indicative of reprogramming even after 30 days and did not 

stain positive for ALP suggesting their considerable refractoriness to reprogramming using human 

OSKM genes under the culture conditions employed (Figure 5.2 A, B). Nanog is a pluripotency 

associated transcription factor previously shown to enhance reprogramming in mouse and human 

cells [33, 34]. Including Nanog in the set of reprogramming genes has also been shown to be 

required for the stable induction of iPSC like colonies in cows [10]. To test if forced expression of 

Nanog might be sufficient to overcome the reprogramming block in BEFs, we concurrently used 

a lentivirus coding for the human Nanog gene with the STEMCCA vector. With this strategy, we 

could observe the formation of small, proliferative, rounded cell clusters which resulted in the 

formation of few granular colonies after 3 weeks. However, these colonies did not stain positive 

for ALP. (Figure 5.2 B, C). To rule out the possibility of failure in reprogramming due to low viral 

infection rate, we verified infection efficiencies by using a GFP expressing lentivirus. More than 

95% of BEFs expressed green fluorescence following infection indicating low infection 

efficiencies could not be accounted for reprogramming failure (Figure 5.2 D, E). We also 

attempted to reprogram bovine aortic endothelial cells and fibroblasts collected from different 

fetuses either with the STEMCCA vector or other published polycistronic human reprogramming 
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vectors (OKSIM [35] and pLM-fSV2A [36]). Yet, these experiments repeatedly failed to result in 

any iPSC colonies (data not shown). Collectively, these results demonstrate the refractoriness of 

bovine fibroblasts to be successfully reprogrammed under the current culture conditions employed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 5.3. Retroviral bOSKMN can reprogram mouse and human fibroblasts to iPSCs. (A) 

Morphology changes to MEFs and HEFs (MRC5 line) after infection with retroviral bOSKMN. Bovine 

genes coding for the reprogramming factors could induce progressive changes to MEFs and HEFs resulting 

in formation of iPSC colonies by 2-3 weeks. (B) Both mouse and human iPSC colonies stained positive for 

ALP (in blue); murine iPSCs were positive for SSEA1 (green); human iPSCs were positive for SSEA4 

(green). Nuclei were counterstained with DAPI (blue). 
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Bovine retroviral OSKMN genes reprogram mouse and human fibroblasts into iPSCs 

 Species specificity and stoichiometry of reprogramming genes are shown to influence the 

reprogramming process [37]. To test this possibility, monocistronic retroviral vectors coding for 

bovine OSKMN factors were employed. MEFs and HEFs infected with the vectors coding for the 

bovine genes resulted in the formation of iPSC colonies by around 3 weeks post infection (Figure 

5.3 A). The colonies stained positive for the general pluripotency marker ALP and species-specific 

markers SSEA1 and SSEA4 (Figure 5.3 B), confirming the fidelity of the bovine reprogramming 

genes to induce pluripotency in other species.  

Bovine retroviral OSKMN genes induce partially reprogrammed bovine iPSC like colonies 

 When BEFs were infected with retroviral bovine OSKMN genes, morphological changes 

suggestive of reprogramming could be observed as early as 7-9 days post infection. Tightly packed 

colonies resembling human iPSCs emerged by day 25 albeit with low efficiencies (Figure 5.4 A). 

These colonies proliferated rapidly and stained positive for ALP. Despite the presence of 

promising morphology and rapid initial growth they did not maintain this phenotype in subsequent 

passages and progressively lost ALP, reverting to an elongated fibroblast like morphology (Figure 

5.4 B). None of the colonies picked could be established or maintained for more than 3-4 passages, 

suggesting their partially reprogrammed status. To examine if using a more primitive, less lineage 

committed cells could increase reprogramming efficiency and result in the formation of stable 

bovine iPSC colonies, we attempted reprogramming using cells from the Wharton’s jelly. Use of 

Wharton jelly cells resulted in almost 2-fold increase in reprogramming efficiency as assessed by 

formation of ALP positive colonies (Figure 5.4 C, D), but these colonies consistently failed to be 

maintained long term.  
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Figure 5.4. Retroviral bOSKMN induces formation of bovine iPSC-like colonies that could not be 

sustained. (A) Morphology changes to BEFs after infection with retroviral bOSKMN. Progressive changes 

could be observed as early as Day 9 with iPSC-like colony formation by 3 weeks. Colony morphology was 

similar to human iPSCs. (B) Bovine iPSC-like colonies were positive for ALP (in blue). However, 

subsequent passages resulted in loss of ALP followed by loss of colonies. Bovine iPSC-like colonies could 

not be maintained for more than 3 passages. (C) Use of KnockOutTM Serum Replacement (KSR) in the 

place of FBS in the iPSC medium resulted in significant dramatic decrease in ALP positive iPSC-like 

colony formation after infection with retroviral bOSKMN (p<0.05). (D) Reprogramming Wharton’s jelly 

cells (WJCs) resulted in significantly higher reprogramming efficiency compared to BEFs (p<0.05). Use of 

WJCs yielded an ~2-fold increase in ALP positive bovine iPSC-like colonies. 
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We next investigated if varying culture conditions would have any beneficial effects on 

reprogramming. Use of FBS as culture supplement resulted in a 3-fold increase in reprogramming 

efficiency compared to using KSR (Figure 5.4 E, F), however neither of these conditions could 

support or maintain colonies for long term (data not shown). These results suggest that both starting 

cell type and culture supplements can influence reprogramming process and hence efficiency. 

Reprogramming enhancing strategies of rodents and human fail to accelerate bovine 

reprogramming 

 Several strategies including overexpression or knockdown of additional genes have been 

shown to accelerate both kinetics and efficiency of reprogramming [38-42]. To study the effects 

of such additional genetic manipulations in bovine reprograming, we utilized three previously 

reported strategies. We employed lentiviral based shRNAs to knock down Mbd3 and p53, two 

genes previously reported to be barriers to efficient reprogramming. In a different approach, we 

also overexpressed the acetyllysine reader Brd3R, a gene found to enhance human reprogramming 

by accelerating mitotic activity. BEFs infected with shRNAs against Mbd3 and p53 resulted in 70 

and 50% reduction of the transcript levels respectively (Figure 5.5 A, B). A 6-fold increase in level 

of Brd3R was observed after infection with lentiviruses coding for this gene (Figure 5.5 C). These 

cells were then subjected to reprogramming and ALP positive colonies quantified. Surprisingly, 

knockdown of Mbd3 resulted in a significant decrease (50%) in the formation of ALP positive 

colonies while p53 knockdown and overexpression of Brd3R showed no significant differences 

(Figure 5.5 D, E). Taken together, these results suggest the refractoriness of bovine cells to 

methods employed to increase reprogramming efficiencies in other species. 
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Figure 5.5. Approaches known to increase reprogramming efficiency in murine and human cells have 

no positive effects on bovine cells. (A) Respective gene expression changes in BEFs 4 days after lentiviral 

shRNA against Mbd3 (shMBD3), lentiviral shRNA against TP53 (sh53), and lentiviral overexpression of 

BRD3R, compared to controls. (B) ALP positive iPSC-like colony formation induced 25 days after 

retroviral bOSKMN in MBD3 knockdown/shMBD3 BEFs, TP53 knockdown/shTP53 BEFs, or BRD3R 

overexpressing BEFs compared to controls. Quantification of ALP positive colonies indicated that 

shMBD3 significantly decreased reprogramming efficiency (p<0.05), whereas shTP53 and BRD3R 

overexpression showed no significant increases to reprogramming efficiencies. 

 

 

Overexpression of the pluripotency associated microRNA 302/367 cluster show no effect on 

bovine reprogramming 

 Previous studies have shown that using pluripotency specific miRNA cluster miR302/367 

could improve reprogramming of mouse and human cells [43]. We hypothesized that 

overexpression of miR302/367 along with OSKMN genes would improve bovine reprogramming 

efficiency by its ability to simultaneously suppress multiple unknown mRNAs potentially involved 
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in the bovine reprogramming process. To examine the effects of miRNA overexpression, we 

generated a lentiviral vector expressing the 723 base pair genomic loci coding for the bovine 

miR302/367. Unexpectedly, we identified the presence of a putative transcription termination 

polyadenylation (polyA) signal, AATAAA, situated between miRNAs 302c and 302a (Figure 5.6 

A) in the bovine miR202/367 cluster. Specifically, the polyA signal was located 118 base pairs 

downstream of miR302c and 201 base pairs upstream of the miR302a in the intronic region. To 

avoid any potential interference the polyA signal leading to premature termination of the primary 

transcript resulting in processing defects and reduced expression of the downstream miRNAs, we 

performed a site directed mutagenesis to generate an additional lentiviral construct (ΔpolyA) with 

the polyA site deleted. Successful overexpression of miRNAs of the miR302/367 cluster from both 

the miR302/367 vector and the ΔpolyA vector was confirmed by performing a small RNA 

sequencing of BEFs infected with these vectors (Figure 5.6 B, C). Interestingly, we did not observe 

any changes in downstream miRNA expression levels of individual miRNAs of this cluster in 

BEFs infected either with the ΔpolyA vector or the miR302/367 vector (Figure 5.6 D). The 

miR302/367 overexpressing BEFs were then subjected to reprogramming. However, 

overexpression of miR302/367 with OSKMN genes did not yield any significant increase in 

number of ALP positive colonies (Figure 5.6 E, F) suggesting it had no effect on reprogramming 

efficiency.  
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Figure 5.6. Pluripotency associated miR302/367 cluster has no effect on reprogramming efficiency in 

bovine cells. (A) The bovine miR302/367 cluster with the location of the putative polyA signal (B, C) 

Expression of miRNAs (counts per million/CPM) in BEFs compared to BEFs overexpressing the native 

bovine miR302/367 cluster or the PolyA-deleted (∆PolyA) bovine miR302/367 cluster. (D) Expression of 

individual miRNAs of the miR302/367 cluster (as ratio to combined mean expression) comparing BEFs 

overexpressing the bovine miR302/367 cluster and the ∆PolyA bovine miR302/367 cluster. Presence or 

deletion of the PolyA sequence had no effects on expression of individual miRNAs in the bovine 

miR302/367 cluster. (E) ALP positive iPSC-like colony formation induced 25 days after retroviral 

bOSKMN in bovine miR302/367 overexpressing cells compared to controls. (F) Quantification of ALP 

positive colonies indicated no significant changes to reprogramming efficiencies in miR302/367 

overexpressing cells. 
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DISCUSSION 

 Generation of bovine iPSCs hold great potential in both biotechnology applications and 

biomedical research. Several groups have reported reprogramming bovine cells into iPSC like cells 

using different approaches. Although these achievements are promising, the low reprogramming 

efficiency, incomplete reprogramming status of the resultant cells and reproducibility continue to 

plague this technology in the bovine species. Therefore, critical factors need to be identified and 

standardized platforms need to be established for efficiency and reproducibility to advance this 

field. 

 Our attempt to generate iPSCs from bovine cells revealed several unexpected findings. Using 

a polycistronic human reprogramming lentiviral vector that has worked effectively to increase 

efficiencies in murine and human cells proved futile in BEFs. Although previous reports have 

demonstrated that bovine cells could be reprogrammed using lentiviral or plasmid-based 

approaches with human reprogramming factors, the vectors employed in these studies were 

monocistronic [9, 11]. It has been shown that differences in vector design can cause significant 

differences in stoichiometry and total factor protein level, altering reprogramming dynamics. Okita 

et al generated 6 polycistronic constructs containing all possible splicing orders of Oct4, Klf4 and 

Sox2 separated with identical 2A peptides and reported that the OKS vector yielded a higher 

reprogramming efficiency in mouse than other constructs consistent with the notion that precise 

dosage and temporal expression of transcription factors are important for cellular reprogramming 

[37]. In agreement, a combination of OKS and c-Myc (M) vectors (OKS + M), could generate 

bovine iPSC-like colonies with an efficiency of 0.01%; however, no iPSC-like colonies appeared 

when MKOS vector was used [16]. The failure of reprogramming that we observed with 

polycistronic lentiviruses in our study might have resulted from the insufficient level of expression 
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and stoichiometry of reprogramming factor delivery associated with this vector. In contrast, we 

could successfully generate iPSC like colonies using retroviral monocistronic vectors coding for 

bovine specific genes. In addition to the distinct reprogramming factor stoichiometry provided by 

individual retroviral vectors, use of bovine genes might have enhanced the reprogramming 

process. In support of this, an analysis of degree of conservation of OSKMN genes between the 

bovine, human and mouse genes suggest significant variations in homology at both the DNA and 

protein level especially with the Nanog gene (S. Table 5.4). Thus, it can be inferred that differences 

in homology could possibly result in species specific pluripotency network activation patterns, 

even though the phenotypic consequences of these interactions ultimately lead to similar cell types. 

 One arduous challenge in establishing iPSCs from cows has been the difficulty in identifying 

the right culture conditions required to generate and propagate them long term. Conditions that 

have been successful with mouse or human have consistently failed to yield any self-sustaining 

iPSCs from cows [21]. Our observation that using FBS as opposed to KSR resulted in more number 

of ALP positive iPSC like colonies reiterate the significant effect of culture media in cellular 

reprogramming. In species like the bovine, where specific culture conditions have not been 

determined, the use of FBS might be beneficial as it contains undefined components, presumably 

growth factors that might partially meet the species-specific requirements. Another important 

observation that was made in this study was that the choice of donor cells would significantly 

affect the efficiency and kinetics of reprogramming. Compared to BEFs, we observed more 

colonies when cells from the Wharton’s jelly were used. This might be attributed to the epigenetic 

profiles of these cells. Less differentiated cells like those from the Wharton’s jelly might have 

specific epigenetic patterns that make them more amenable to reprograming. In fact, variations in 

fidelity of epigenetic reprogramming, which can vary depending on the donor cell type, influence 
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reprogramming. For example, it has been shown that immature cells are more readily 

reprogrammed than terminally differentiated cells in mice [44]. Similarly, human keratinocytes 

showed a 100 times higher reprogramming efficiency and were reprogrammed two times faster 

than skin fibroblasts under the same conditions [45].  

 Our attempt to adopt methods reported in other species to overcome reprogramming barriers 

and enhance reprogramming efficiency yielded negative results. Rais et al. reported that 

suppressing formation of the Nucleosome Remodelling and Deacetylase (NuRD) complex by 

depleting its structural component Mbd3 promotes near 100% induction of somatic cells 

reprogrammed to pluripotency [39]. We were able to knockdown Mbd3 with more than 70% 

efficiency, but this resulted in a significant decrease in the number of ALP positive colonies 

suggesting that Mbd3 might be required for bovine reprogramming. Our results are in apparent 

disagreement with the previous studies in mice [38, 39] that suggested inhibitory roles for Mbd3 

in reprogramming. The practical and procedural variations including species difference and choice 

of reprogramming conditions and systems might have contributed to the contrariness observed in 

our experiments. However, similar conflicting results were also reported in a recent murine study 

which demonstrated that the lack of Mbd3 and hence a functional NuRD complex strongly 

impaired the initiation of reprogramming and reduced the number of colonies formed [46]. 

 The failure of p53 knockdown to increase reprogramming efficiency in BEFs was surprising. 

Several reasons may account for the lack of effect on reprogramming efficiency imposed by p53 

knockdown observed in this study. Cell proliferation is considered to be the rate limiting in somatic 

cell reprogramming and repression of p53 speeds up reprogramming by increasing cell division 

rate [47]. Compared to the MEFs and HEFs, BEFs appeared to divide more rapidly under the same 

culture conditions, so it is possible that in any further proliferation enhancement in BEFs which 
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natively exhibit a higher proliferative rate does not yield any enhancement. Another possible 

explanation is that the level of p53 silencing in our study might have been insufficient to influence 

reprogramming. We observed a 50% reduction in p53 levels, however, prior studies examining the 

effects of p53 knockdown on mouse and human fibroblast reprogramming reported repression of 

p53 levels up to 10-40% [40, 41]. It is possible that by increasing the intensity of p53 silencing in 

the bovine cells, comparable results to those observed in human and mouse could be achieved. 

Similarly, Brd3R is a mitotic nuclear protein that appears to regulate mitotic kinase networks to 

promote reprogramming. It was demonstrated that overexpression of Brd3R at early stage of 

reprograming upregulates a large set of mitosis associated genes, concomitantly increasing the 

population of mitotic cells and enhancing reprogramming up to 20 folds in human cells [42]. Our 

results suggest that techniques to improve reprogramming efficiency by enhancing cell cycling 

might not be a viable option in cattle.  

 Another unexpected result from our study was the inability of the pluripotency specific miRNA 

302/367 cluster to accelerate reprogramming. It is worth noting that miRNA-mediated 

reprogramming enhancement is mostly based on repression of endogenous cellular pathways 

which in turn is contingent on the cell specific transcriptome. Different cell types which have 

specific transcriptomes probably need to have different genes repressed by miRNAs to allow 

initiation of reprogramming. This could perhaps be the reason for the failure of miR302/367 to 

enhance reprogramming in BEFs. Further studies on reprogramming dynamics using different 

adult cell types and miRNAs need to be performed to better understand this process. Detection of 

a polyA site in the bovine miR302/367 cluster was unexpected. Most miRNAs are transcribed by 

polymerase II as long primary, capped and polyadenylated transcripts (pri-miRNAs) [48], which 
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are processed into their mature form in a complex multistep process. We initially hypothesized 

that the presence of this polyA site and hence termination before transcription of the downstream 

miRNAs might affect miRNA processing and expression. However, we failed to detect any 

differences in the expression of miRNAs situated downstream of the polyA even after its targeted 

deletion, suggesting a silent signal. But this silent status raises the question of how the polyA site 

is avoided during the pri-miR302/361 transcription. It has been reported that polyA-dependent 

termination is complex process in which poly(A) signaling is the first of several mechanistic steps 

in termination and requires the presence of other downstream elements to enhance termination 

[49]. These elements are thought to be required to slow down the polymerase so that the poly(A) 

signal can act efficiently [50, 51]. The possibility that these elements are absent in the bovine 

miR302/367 locus making the polyA signal non-functional cannot be ruled out.  

 To conclude, results from our study raises several interesting possibilities and important 

considerations. First, there may be species-specific differences in somatic cell plasticity accounting 

for the difference in degree of reprogramming success observed. Species-specific discrepancies in 

our results compared to previous reports may also be the result of unidentified epigenetic 

roadblocks governing pathways in cattle that are interfering with its ability to facilitate cellular 

reprogramming to a pluripotent state. Second, the inability to maintain colonies derived from any 

manipulation for long term suggests the possibility of partial reprogramming. It can be assumed 

that the colonies that emerged initially existed transiently in a metastable, partially reprogrammed 

state, which could not be sustained by the growth medium employed. Third, it seems likely that 

figuring out culture conditions may be more important than exploring methods to increase 

reprogramming efficacy and is a vital prerequisite to moving the bovine pluripotency field 
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forward. This acquired knowledge on media requirements will also be the key to deriving stable 

lines of bovine embryonic stem cells. 

SUPPLEMENTAL MATERIALS 

 

Table 5.1. List of primers. 

Primer name Sequence 

Gapdh F: CATCCCTGCTTCTACTGGCG 

 

R: CAGGAGACAACCTGGTCCTCA 

Mbd3 F: CCAGCAACAAGGTGAAGAGC 

 

R: GCTCTTCCTGCTTCCTGATG 

p53 F: ACTTGTGGAACCTACTTCCTGA 

 

R: GGCAACATCTGTGTACGGGA 

Brd3R F: GCAGAGATCATTTCTTGACCTGTGGAG 

 

R: AGCCCTTGGCCAGGAAACAA 

miR302/357 cloning F: AGATTAATTAAGAAAGAAACTCTTGT 

 

R: AGATCTTTGGAAACTGTAATCCAGGAAA 

miR302/357 mutagenesis F:TAAAAAGTAAGTAGTCCTTTTAACGATGACATTGTTA 

 

R: TTGAAATTAAGCAATGCTACATTTCCATTACTTTC 

Mbd3 shRNA      GCAAGATGCTAATGAGCAAGG 

p53 shRNA      GCACCACCATCCACTACAATT 
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Table 5.2. Open reading frame of the codon optimized bovine Oct4 gene used for 

constructing the pMXs-bOCT4 plasmid. 

ATGGCTGGACATCTGGCTTCCGATTTCGCCTTCTCACCACCACCTGGGGGGGGGGGG

GACGGACCCGGAGGACCCGAACCTGGATGGGTGGACCCCAGGACCTGGATGTCCTT

CCAGGGACCTCCTGGAGGCAGCGGAATCGGACCTGGCGTGGTGCCCGGCGCCGAAG

TGTGGGGCCTGCCCCCTTGCCCTCCTCCTTACGACCTGTGCGGAGGAATGGCTTACT

GCGCTCCTCAAGTGGGAGTGGGACCTGTGCCTCCTGGAGGCCTGGAGACCCCTCAG

CCCGAGGGCGAGGCCGGCGCCGGCGTGGAGTCCAACAGCGAGGGCGCCTCCCCTGA

CCCCTGCGCTGCTCCTGCTGGAGCTCCTAAGCTGGACAAGGAGAAGCTGGAGCCTA

ACCCCGAGGAGAGCCAGGACATCAAGGCCCTGCAGAAGGACCTGGAGCAGTTCGCC

AAGCTGCTGAAGCAGAAGAGAATCACCCTGGGATACACCCAGGCTGACGTGGGACT

GACCCTGGGCGTGCTGTTCGGCAAGGTGTTCTCCCAGACCACCATCTGCAGGTTCGA

GGCCCTGCAGCTGAGCTTCAAGAACATGTGCAAGCTGCGCCCCCTGCTGCAGAAGT

GGGTGGAGGAGGCCGACAACAACGAGAACCTGCAGGAAATCTGCAAGGCTGAGAC

CCTGGTGCAGGCTAGGAAGAGAAAGCGGACCTCCATCGAGAACAGGGTGCGCGGC

AACCTGGAGAGCATGTTCCTGCAGTGCCCTAAGCCCACCCTGCAGCAGATCAGCCA

CATCGCCCAGCAGCTGGGCCTGGAGAAGGACGTGGTGCGGGTGTGGTTCTGCAACC

GGAGGCAGAAGGGCAAGAGAAGCTCCAGCGACTACTCCCAGAGGGAGGACTTCGA

GGCTGCTGGCAGCCCCTTCACCGGAGGACCCGTGAGCAGCCCCCTGGCCCCTGGCCC

CCACTTCGGCACCCCTGGATACGGAGGACCTCACTTCACCACCCTGTACTCCAGCGT

GCCTTTCCCCGAGGGCGAGGTCTTTCCATCAGTGTCAGTCACCGCTCTGGGCTCTCC

AATGCACGCTAACTAA 
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Table 5.3 Open reading frame of the codon optimized bovine Nanog gene used for 

constructing the pMXs-bNANOG plasmid. 

ATGAGCGTCGGACCCGCCTGCCCACAGAGCCTGCTGGGACCTGAAGCCTCAAACAG

TAGAGAATCAAGCCCTATGCCTGAAGAAAGTTACGTGTCCCTGCAGACAAGCTCCG

CCGACACTCTGGACACCGATACAGTCTCTCCCCTGCCTTCTAGTATGGATCTGCTGA

TCCAGGACAGCCCAGATTCAAGCACCTCCCCCCGAGTGAAGCCACTGTCCCCCTCTG

TCGAGGAAAGCACCGAGAAAGAGGAGACAGTGCCTGTCAAGAAACAGAAAATCAG

GACCGTGTTCAGCCAGACCCAGCTGTGCGTCCTGAACGACCGGTTTCAGAGGCAGA

AATACCTGAGCCTGCAGCAGATGCAGGAACTGTCTAACATTCTGAATCTGAGTTATA

AGCAGGTGAAAACATGGTTCCAGAACCAGCGCATGAAGTGCAAGAAATGGCAGAA

AAACAATTGGCCAAGAAACTCCAATGGAATGCCTCAGGGACCAGCTATGGCCGAGT

ACCCAGGATTTTACTCATATCACCAGGGGTGTCTGGTGAACAGCCCCGGGAATCTGC

CTATGTGGGGAAACCAGACATGGAACAATCCCACTTGGTCCAACCAGTCTTGGAAT

AGTCAGTCATGGAGCAACCATAGTTGGAACAGCCAGGCCTGGTGCCCTCAGGCTTG

GAACAATCAGCCCTGGAACAACCAGTTCAACAACTACATGGAGGAATTTCTGCAGC

CCGGCATCCAGCTGCAGCAGAACTCCCCCGTGTGCGATCTGGAGGCCACTCTGGGC

ACCGCTGGGGAAAACTACAATGTGATTCAGCAGACCGTCAAGTATTTCAACTCTCAG

CAGCAGATTACTGACCTGTTCCCAAACTACCCCCTGAATATCCAGCCAGAGGACCTG

TGA 
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Table 5.4. Percentage of protein and DNA sequence homology of bovine pluripotency genes 

compared to human and mouse 

Gene Homology of bovine with human Homology of bovine with mouse 

 Protein DNA Protein DNA 

Oct4 90.8 88.6 81.8 79.5 

Sox2 97.5 95.6 97.2 93.2 

Klf4 95.7 91.5 93 88.1 

cMyc 92 90.2 90.9 86 

Nanog 70.9 78.9 60.1 69.8 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 Majority of embryo losses occur during the pre-implantation period when the embryo is housed 

in the oviduct and uterus. The pre-implantation period is characterized by several developmental 

hallmarks including genome activation, blastocyst formation, hatching, elongation and 

differentiation [2], and ends with implantation. However, the cellular and molecular pathways that 

underpin these processes are largely unknown. The overarching theme of my Ph.D. research was 

to understand these molecular mechanisms that govern early embryo development in cows. The 

studies focused on three important aspects of early development- microenvironment of the embryo 

in the oviduct, trophoblast development and pluripotency, all of which has impact on basic 

research and widespread practical implications.  

Oviductal secretome and impact on assisted reproductive technologies in cattle 

 Life of the early embryo begins in the oviduct. In addition, to hosting the embryo up to the 

morula stage, the oviduct also orchestrates a series of events including gamete maturation, storage 

and fertilization [3]. Accumulating evidence suggests that the environment of the embryo affects 

the future health of the offspring [4-6]. With increasing number of embryos being produced in 

vitro and the widespread adoption of the embryo transfer technology, quality of embryos has 

become a major determinant in success of artificial reproductive technologies in cows [7, 8]. 

Despite significant progress in embryo culture media formulation, in vivo produced embryos are 

markedly more developmentally competent than their in vitro counterparts [9, 10], suggesting 

significant room for improvement of embryo culture conditions. Understanding of the natural 

microenvironment of the oviduct where fertilization and part of early embryo development occurs 

can be used to inform the refinement of assisted reproductive technologies. 
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 With an aim to understand the microenvironment of the oviduct, a comprehensive profiling of 

oviductal proteins was done using both ex vivo oviductal fluid and in vitro cell culture secretions. 

Although many previous studies have been attempted to understand the proteins in oviductal fluid, 

information on the secreted components have been limited. By an integrated approach using 

shotgun proteomics and bioinformatic prediction, I was able to characterize the secretome of the 

oviductal fluid and cultured oviductal cells. In addition to previously known proteins involved in 

gamete maturation, fertilization and embryo development, we identified several novel proteins in 

the oviductal secretions. They fell into several categories including growth factors, metabolic 

regulators, immune modulators, enzymes and extracellular matrix components, highlighting the 

diversity of functions associated with the oviductal microenvironment. By comparing our 

proteomics data to previously published transcriptomics data, contrary to previously held belief, it 

was found that plasma components contribute very little to the oviductal milieu [11].  

Profiling of other components of the oviductal fluid that affects the embryo such as metabolic 

regulators need to be performed. Further research into how the secreted components affect 

development of the embryo remains to be understood.   Nonetheless, the results from this study 

has widespread practical applications for assisted reproductive including formulation of defined 

IVF media to enhance embryo production and also as a means to understand basic oviductal 

physiology.  

Understanding basic mechanisms regulating bovine trophoblast physiology 

 The establishment of intimate connection between the developing embryo and the uterus is a 

unique characteristic of mammals. Perhaps no other organ varies as dramatically among mammals 

as the placenta, which is ironic considering that its primary functions and developmental origins 

are functionally conserved among species. Trophoblast development and implantation in 
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ruminants is unique [12]. The bovine embryo exhibits key developmental variations including a 

period of rapid trophoblast proliferation, differentiation into binucleate cells and implantation with 

very minimal invasion of the uterine endometrium. This unique nature of these events precludes 

the use of other model organisms like rodents to study bovine trophoblast physiology. Moreover, 

technical difficulties and financial constraints have limited the use of intact animals to conduct 

exploratory studies on trophoblast biology. Consequently, understanding of these crucial events 

calls for in vitro models to lay a foundation on which future definitive in vivo experiments can be 

based on. 

 My work on trophoblast biology was based on developing an in vitro cell culture model of 

trophoblast cells derived from blastocyst stage embryos and using it as a tool to understand 

trophoblast physiology in cows. Using optimized culture systems, primary blastocyst derived 

trophoblast colonies were established, and the transcriptome and proteome simultaneously 

profiled. The data generated was used to describe basic biology of undifferentiated bovine 

trophoblast cells. Using targeted bioinformatics analysis of the transcriptome and proteome, the 

involvement of RhoA-ROCK signaling as a mediator of trophoblast proliferation was uncovered. 

Small molecule inhibition of ROCK was found to enhance proliferation of in vitro cultured 

trophoblast cells and trophectodermal cells of intact blastocysts. Conversely, overexpression of 

ROCK resulted in reduction in proliferation. By performing RNA seq on ROCK inhibited colonies 

and by subsequent bioinformatic prediction and functional studies, TGFβ1was found to be the 

master regulator activating ROCK signaling. In addition to regulation of proliferation of 

trophoblast cells, TGFβ1 was also found to be an inducer of differentiation into binucleate cells. 

Through progressive experiments, I worked out the involvement of a signaling axis which involves 

TGFβ1, RhoA and ROCK in bovine trophoblast proliferation and differentiation. To the best of 
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my knowledge, this is the first time a signaling pathway implicated in bovine trophoblast 

proliferation and binucleate cell formation has been proposed by functional studies in vitro.  

The results from this study has established concrete evidence for the involvement of TGFβ1-

RhoA-ROCK axis in bovine trophoblast development and implantation that warrants its in vivo 

examination to fully decipher its functional consequences.  

Bovine induced pluripotent stem cells: A hopeful path towards embryonic stem cells? 

 Establishment of mouse and human ESCs sparked a revolution. It provided unparalleled 

information on early development, means for in vitro modeling of diseases, drug screening, cell 

replacement therapies and most importantly generation of transgenic mice which now forms an 

indispensable tool in biomedical research. The applications of ESCs and iPSCs in humans have 

reached as far as generation of ‘organoids’; in vitro three-dimensional models of organs [13] to 

clinical trials for regenerative medicine [14]. ESCs have unparalleled applications in animal 

agriculture ranging from their use in somatic cell nuclear transfer to preservation of cattle genetics. 

However, the livestock pluripotency field has been lagging, unable to overcome the roadblocks to 

establishing authentic ESCs [15]. Induced pluripotent stem cells, by virtue of its relative ease of 

generation and conservation of induction mechanisms across phylogenic lines, have been proposed 

as an alternative to examine the molecular pathways and culture conditions of pluripotent cells to 

eventually establish ESCs from cows [15, 16].  

 My studies on bovine pluripotency focused on examining the use of iPSCs as a model towards 

derivation of ESCs in cattle. In my efforts to generate bovine iPSCs, I encountered barriers 

prohibiting complete reprogramming and generation of authentic lines. Several methods that have 

been beneficial in generating human and murine iPSCs had minimal to no effect in bovine. 

Functionally, this suggest that there exist core distinctions in regulation of bovine pluripotency 
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mechanisms that needs to be investigated. The partially reprogrammed iPSC like colonies that 

could be generated with low efficiencies fail to be sustained effectively, implicating that 

identification of culture conditions for pluripotency sustenance is a pre-requisite before any stable 

pluripotent lines can be established. 
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